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THE EXTREME-PRESSURE LUBRICATING PROPERTIES OF SOME 
SULPHIDES AND DISULPHIDES, IN MINERAL OIL, AS 
ASSESSED BY THE FOUR-BALL MACHINE 


W. DAVEY AND E. D. EDWARDS 


Department of Chemistry and Biology, Regent Street Polytechnic, London (England) 


SUMMARY 


The extreme-pressure lubricating properties of some sulphides and disulphides, blended in min- 
eral oil, have been assessed by the Four-Ball Machine. Disulphides are superior to monosulphides 
as extreme-pressure additives; the mechanism of action of these compounds is discussed. 


ZUSAMMEN FASSUNG 


Bestimmung der Schmiereigenschaften bei hohem Druck von einigen Sulfiden und Disulfiden 
in Paraffindél mit dem Vierkugelapparat: Disulfide erwiesen sich als iiberlegen an Monosulfide als 
ep.” Hochdruckzusatze zu Paraffinél. Der Wirkungsmechanismus dieser Verbindungen wird 
besprochen. 


Previous work by one of the present authors)? and by other workers*,*,° has shown 
that sulphur and certain of its compounds effect lubrication, under extreme-pressure 
conditions, by the formation of sulphide films which are more easily sheared than 
metallic junctions under severe conditions. The literature on sulphurised extreme- 
pressure lubricants and cutting oils has been reviewed® and, although the sulphide 
film theory has gained general acceptance, little is known of the detailed chemistry 
of the processes by which such sulphide films are produced. This work is a contribution 
to the study of the mechanism of such processes. 

In the present study, blends of sulphides and disulphides in mineral oil, containing 
0.50% wt. of sulphur, were prepared and tested in the ‘‘Shell” Four-Ball Apparatus. 
Results obtained showed that, for the compounds tested, disulphides were superior to 
the corresponding monosulphides, showing lower wear at the same load; but it was 
found that the nature of the groups attached to the sulphur atoms had a marked effect 
on the test performance of the compounds. Thus, dibenzyl disulphide and di-fert.-butyl 
disulphides were exceptionally good, showing friction-time curves similar to those 
shown by blends of free sulphur in mineral oil. Other sulphide and disulphide blends 
showed much lower load-bearing capacities and higher wear, although diethyl di- 
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sulphide showed good load-bearing capacity but much higher wear than either dibenzyl 
or di-tert.-butyl disulphides. These results suggested that a definite relationship existed 
between chemical structure and extreme-pressure activity. 

Since all the blends tested were true solutions of the additives and contained the 
same total amount of available sulphur (0.50% wt.), the activity of the blends in the 
Four-Ball tests was determined by the chemical nature of the compound under test. 
Thus, under relatively mild loading conditions, the adsorbed sulphide or disulphide 
provided satisfactory. lubrication, but with more severe loading conditions such an 
adsorbed film was incapable of effecting lubrication, and this failure was probably due 
to the inability of the adsorbed compound to react chemically with the surface at a 
sufficiently rapid rate to produce the sulphide film essential for extreme-pressure con- 
ditions. Evidence of the splitting of the disulphide linkage by metals to form mercap- 
tides has been advanced by SCHONBERG’, and the reaction takes place under relatively 
mild conditions, whilst the splitting of monosulphides by metals requires much more 
drastic conditions. It seems probable, therefore, that the following mechanism oper- 
ates :i— 


Reaction of disulphides 


Ree ie ie eS Bee (1) 
\S-R 
prae® > Fe(S-R), By 
ASR 
Been) eee eS SR (3) 


Reaction of monosulphides 


R-S-R + Fe ———— — ne" ( 
\R 4) 

ay Sdies —_—-> FeS + R-R ( 
\R 5) 


In the above reaction scheme, equations (1) and (4) represent adsorption and the 
conditions under mild loading, whilst equation (2) indicates the formation of iron 
mercaptide, which will function in a similar manner to a soap film formed from a fatty 
acid under boundary lubricating conditions. This step will enable lubrication to be 
achieved under conditions approaching extreme pressure, but in the case of sulphide 
blends such mercaptide formation cannot occur at all readily, so that increased loading 
failure results. Under very severe loading the mercaptide film would break down to 
form ferrous sulphide and the organic sulphide. This mechanism has already been 
suggested® and evidence for the effectiveness of boundary lubrication by mercaptide 
films obtained®. It would seem that the activity of dibenzyl and di-tert.-butyl disul- 
phides is due to the relatively facile splitting of the disulphide linkage in these com- 
pounds. 
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Vertical scale: 1c m=0.091 coefficient of friction 
Horizontal scale:lcm=3.2 sec 
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In order to investigate the behaviour of sulphur, mono- and disulphides under 
extreme-pressure conditions, clear, bright blends of these additives in B.P. Paraffin 
were prepared so that the total sulphur content of the blends was 0.50% wt. ; the actual 
weights of additives are given in Tables III and IV. A blend containing 0.20% wt. of 
sulphur was also prepared for comparison purposes. The resulting blends were then 
tested in the Four-Ball Machine. In this apparatus four 4” steel ball-bearings 
are employed in the form of a pyramid, the top ball being rotated in a chuck at 1500 
r.p.m. and the three lower balls being held in a clamp. Loads are applied to the balls 
and the frictional torques produced are recorded during the standard short duration 
tests (60 sec) to give friction-time curves (see Fig. 1). Wear spots are produced on the 
three lower, fixed balls and a wear-ring on the top (rotating) ball. Examples of photo- 
graphs of typical wear spots are shown in Fig. 8, and differences in type and extent of 
wear are clearly seen, disulphide blends forming an anti-weld film which protects the 
surfaces against seizure. Measurement by microscope along the direction of wear and 
at right angles to this direction of the wear spots and the averaging of the six measure- 
ments so obtained gives the ‘‘mean wear diameter” in mm, whilst plotting of load (kg) 
against mean wear diameter (mm) gives wear/load diagrams (see Figs. 9-13). The 
results of such tests are given in tabular form and also as friction-time and as wear/load 
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diagrams. In Table I values of the coefficient of friction at different loads for mono- and 
disulphide blends before seizure occurred are given, whilst in Table IT similar results 
are given for the period after seizure. Average values of these coefficients of friction 
for aliphatic compounds are quoted in each table. The values of the coefficients of 
friction are obtained from the friction-time curves: - 


Coefficient of friction = Height of curve (mm) X 0.0091 


A study of such friction-time curves gives valuable information about the mechanism 
of lubrication since straight mineral oils give characteristic curves (Fig. 1) with high 
frictional torque and almost instant seizure at loads greater than 100 kg, whilst sulphur 
in mineral oil gives curves with no seizure and a uniform torque throughout the test. 
Chlorine-containing additives give curves with rapid seizure and rapid recovery from 
seizure, the three types of curve just described being named Type A, Type C and 
Type D!°. These curves are illustrated in Figs. 2 and 3. The typical Type C sulphur- 
curve is also shown by ferrous sulphide films! and the shape of the curve is almost 
independent of applied load, although the actual coefficient of friction increases with 
increasing load. Blends of monosulphides gave curves of a different type (Fig. 4) which 
were similar to the friction-time curves shown by adsorbed polar compounds, e.g. 
esters!!. Disulphide blends gave curves (Figs. 5-7) of different shapes under increasing 


Vertical scale: 1cm=0.091 coefficient of friction 
Horizontal scale: 1cm= 3.2 sec 
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loads. At low loads (below 60-70 kg) smooth sulphur-type (Type B) curves were 
obtained ; at intermediate loads (60-100 kg) curves similar to those given by mono- 
sulphides, but with a shorter and more delayed period of seizure; whilst at higher 
loads (above 100 kg) the curves showed immediate recovery after rapid seizure, similar 
to those of chlorinated additives (Type D). 


ee 


« * 


| Actual magn. X 50. Reduced in reprod. X 0.75. 
Fig. 8. Wear spots at 100 kg load. 1. Dibenzyl sulphide blend, 2 
Dibenzyl disulphide blend. 4. Di-n-hexyl sulphide blend. 
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The friction-time curves have been evaluated in some detail by statistical analysis. 
Test experiments were carried out to determine reproducibility, which was found to 
be good. The coefficients of friction before seizure for both sulphide and disulphide 
blends were found to be almost the same (see Table I), but after seizure had occurred 
marked differences were observed (see Table II). Monosulphides welded at loads be- 
tween 120-130 kg but in the cases of disulphides a marked and sharp increase in the 
coefficients of friction was observed at 140 kg load over that at 130 kg load. It was of 
interest that this increase occurred just above the weld loads for monosulphides, and 
this suggested that a change was taking place in the nature of the lubricant film, 
probably from mercaptide to ferrous sulphide, provided that the change in the coeffi- 
cient of friction was significant and not merely attributable to experimental error. 
Application of the ‘‘?” test!” showed that there was less than 1% chance that the observ- 
ed results were due to causes other than changes in the frictional characteristics, and 
this finding suggested that at 140 kg the primary, adsorbed film changes to a ferrous 
sulphide film. The values of the coefficients of friction of disulphide blends after seizure 
at loads of 140 kg or at higher loads are similar to those for blends of free sulphur which 
have been shown to form ferrous sulphide films!.?. 

The results of the Four-Ball tests are given in Tables III and IV which give the 
amount of additives used to produce blends containing 0.50°% wt. sulphur, the values 
of mean wear diameters at typical loads, the maximum load which the blend can carry 
before welding takes place, and brief details of the shape and characteristics of the 
appropriate friction-time curves. No Type B Curve, which is characteristic of “‘stick- 
slip” motion!9 found with oleic acid blends, was found. 

Since only certain results are given in Tables III and IV, wear/load diagrams (Figs. 
9-13) have been given and these diagrams have been drawn from all the experimental 
results obtained. Wear/load results confirmed the differences found from the friction- 
time curves. Disulphide blends showed lower wear than the corresponding sulphide 


Fig. 9. -Sulphides. 


. Diethyl sulphide. 

. Di-n-propyl sulphide. 
. Di-n-butyl] sulphide. 

. Di-n-pentyl sulphide. 
. Di-n-hexyl sulphide. 
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. Di-n-octyl sulphide. 
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blends at the same loads except for di-benzy] and di-tert.-butyl disulphides, which were 
much superior in anti-wear properties and showed a flattening of the wear/load curve, 
i. e. relatively lower wear was obtained with increasing load. The sharp breaks in the 
wear/load diagrams offer some confirmation of the ‘‘critical reaction conditions” con- 


m) 
w 
(e) 


Mean wear diameter (m 
i) 
fe) 


60 70 80 90 100.—«*0 120 130 ~—«*140 
Load (kg) 
Fig. 10. Other sulphides. 
g. Di-isopropyl sulphide. 12. Di-phenyl sulphide. 
10. Di-isobutyl sulphide. 13. Di-benzyl sulphide. 


11. Di-isopentyl sulphide. 
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Fig. 11. n-disulphides. 
1. Di-ethyl disulphide. 4. Di-n-pentyl disulphide. 
Pee Di-n-propyl disulphide. 5. Di-n-heptyl disulphide. 
3. Di-n-butyl disulphide 6. Di-n-octy] disulphide. 
and di-n-hexyl disulphide. 7. Di-n-decyl disulphide. 
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cept postulated by one of the authors® in respect of reaction temperature for chlorinated 
compounds. Thus it would appear that under critical conditions of load and/or tem- 
perature —the twoconditions being closely inter-related —an effective extreme-pressure 
lubricant must be capable of producing a chemical film appropriate to the conditions 
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Fig. 12. Other disulphides. 


8. Di-isobutyl] disulphide. 
g. Di-isopenty] disulphide. 
10. Di-phenyl disulphide. 
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Fig. 13. Sulphur, dibenzyl and di-tert.-butyl disulphides. 


11. Di-benzyl1 disulphide. 
12. Di-tert.-butyl disulphide. 
13. 0.5% wt. sulphur. 

14. 0.2% wt. sulphur. 
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TABLE III 


LUBRICATING PROPERTIES OF SULPHUR AND SULPHIDE BLENDS 


Se ee eee ee ee eee 
Mean wear Maximum Friction-Time curves 


Additive and concentration Load fi Toad T Frictional 
of additive (wt. %) (kg) nbeceapad (he ) ade torque 
Sulphur (0.2) 100 0.69 Cc Low 
130 0.87 Cc = 
160 1.06 Cc Higher 
: 200 Tr3 ca. Cc *» 
220 1.48 270 G ins 
Sulphur (0.5) 100 1.02 C Low 
140 r32 Cc = 
180 1.46 Cc Higher 
220 1.61 Welded (C as 
260 i aeey fi at Cc » 
300 1977 340 Cc 29 
Diethyl sulphide (1.0)* 100 1.55 A High 
150 2.0 A 5s 
Di-#-propyl sulphide (1.843) 100 2.35 Welded A High 
at 
I20 2.85 130 A » 
Di-tsopropyl sulphide (1.843) 100 2.34 Welded A High 
at 
120 2.88 140 A » 
Di-n-butyl sulphide (2.28) IIo 2.82 Welded A High 
at 
120 3.43 130 B Ay 
Di-tsobutyl sulphide (2.28) 90 2.29 140 D High 
110 2.27 D * 
120 2.38 D s 
Di-n-amy] sulphide (2.72) 90 2.16 130 A High 
IIo 2.51 A 39 
I20 2.73 A Pe 
Di-n-hexyl sulphide (3.27) 90 2013 — A High 
100 205 D re 
110 2.41 D os 
Di-n-hepty1 sulphide (3.91) go 2532 Welded A High 
100 2.44 at A a 
110 2.51 120 A = 
Di-n-octyl sulphide (4.04) 100 2.16 A High 
IIo 2.36 Welded A De 
120 2.44 at A an 
130 2.52 135 A oe 
Di-n-decyl] sulphide (5.10) 110 2.40 Welded A High 
at 
I20 2.50 130 D Ef 
Di-pheny] sulphide (2.91) 100 2.24 Welded A High 
at 
ro 2.78 120 A Ae 
Di-benzyl sulphide (3.35) 100 2.05 I50 A High 
IIo 2.33 A i 
130 2.90 A 5 
150 3.14 A 


* Results of previous work? inserted for comparison. 


VOL. 1 (1957/58) | EXTREME-PRESSURE LUBRICATING PROPERTIES 301 


to be met. The film produced by reactive sulphur compounds is an anti-seizure film 
with a high coefficient of friction, and a second anti-friction film, combined with or 
associated with the sulphide film, is necessary to reduce friction; this two-film concept 
is due to THORPE AND LaRSEN!%, 


TABLE IV 


LUBRICATING PROPERTIES OF DISULPHIDE BLENDS 


Additive And COncEHIFatOn Dad Mean wear Maximum Friction-Time curves 
of adie (wh. %) gant ete me 
Diethyl disulphide (0.954) * 100 77 D Low after 
seizure 
140 2.01 D ae 
170 2.16 D A 
200 2.68 D a 
250 3.28 250 D S 
Di-nx-propyl disulphide (1.173) 110 1.78 D Low after 
seizure 
130 1.92 180 D i") 
160 2.09 D “e 
180 POG: D a 
Di-n-butyl] disulphide (1.392) 100 1.76 D Low after 
seizure 
I20 1.87 D An 
140 2.04 170 D ae 
160 2.30 D ™ 
Di-isobutyl disulphide (1.392) 110 I.g0 D Low after 
seizure 
130 1.95 170 D 5% 
150 1.99 D 2 
170 2.12 D 5 
Di-tert.-butyl disulphide (1.392) 110 1.50 Welded B High 
140 1.84 at B .s 
180 1.88 250 D oe 
220 1.99 D BD 
Di-n-amyl disulphide (1.613) 100 1.83 D Somewhat 
high after 
seizure 
140 2.04 180 D 5 
160 2.25 D 90 
180 Zs .40 D ” 
Di-isoamy] disulphide (1.613) 110 1.84 D Low after 
seizure 
140 2.08 170 D 7 
170 2.51 D i 
Di-n-hexyl] disulphide (1.825) 110 1.89 D Low after 
seizure 
130 2.02 170 D ep 
150 222 D ” 
170 2.25 D » 


* Results of previous work? inserted for comparison. 


References p. 302-303 


302 W. DAVEY, E. D. EDWARDS VoL. 1 (1957/58) 


TABLE IV (continued) 


Mean wear Maximum Friction-Time curves 
Additive and concentration Load Acametey load Type of Frictional 
of additive (wt. % (kg) (mm) (kg) curve torque 
i-n- 1 disulphide (2.0 110 1.70 D Somewhat 
Di-n-hepty] disulphide (2.049) 7 ree 
seizure 
130 1.85 170 D ” 
ee 1.95 D High after 
seizure 
170 2.16 D ” 
Di-n-octyl disulphide (2.265) 100 1.76 D High after 
seizure 
120 1.97 160 D ” 
140 2.28 D - 
160 2.47 D RF 
Di-n-decyl] disulphide (2.732) 110 1.68 D Medium 
torque after 
seizure 
130 1.87 180 D a 
150 2.03 D 3 
170 2.30 D Fe 
Di-phenyl disulphide (1.705) IIo 2.24 D Low after 
seizure 
130 2°37 160 D ” 
160 3.00 D ar 
Di-benzyl disulphide (1.92) 100 0.96 C Low 
140 1.56 G ae 
180 1.89 250 D Low after 
seizure 
220 2.10 D 35 
250 2.48 D ” 


Note: In both Tables III and IV results of selected tests only are shown and all the results obtained 
are used in obtaining the wear/load diagrams. 


CONCLUSIONS 


The following conclusions may be drawn from the results of the present work: 
1. Blends of disulphides in mineral oil show superior extreme-pressure properties to 
blends of monosulphides containing the same amount of total sulphur. 
2. Disulphides give protection of steel surfaces by the formation of anti-weld films. 
3. For a given load, wear is higher for a disulphide blend than for one containing the 
same proportion of free sulphur ; this in turn has a higher wear rate than a blend contain- 
ing a lower proportion of free sulphur. 
4. Indirect evidence is obtained for the formation of ferrous sulphide films on steel by 
disulphide blends under extreme-pressure conditions; such films may be formed via 
mercaptide films but further evidence is needed to prove this concept. 
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APPENDIX 


Certain sulphides and disulphides were prepared for this work and details of the preparations 
are given below. 


n-Hexyl sulphide 

Anhydrous sodium sulphide (15.62 g, 0.20 mole) dissolved in ethanol (100 ml) was heated on a 
boiling water bath in a flask fitted with reflux condenser until vigorous refluxing occurred. n-Hexyl 
bromide (33.02 g, 0.20 mole) was then added in small portions down the condenser over a period 
of 20 minutes. At this stage the contents of the flask were bumping rather badly and boiling water 
(50 ml) was added. Separation of sulphide occurred and refluxing was continued until the total 
reflux time was 1 hour. After cooling, the contents of the flask were transferred to a separatory 
funnel, the lower aqueous layer rejected and the crude sulphide dried over anhydrous magnesium 
sulphate. Fractionation from a 25 ml Claisen flask through a Vigreux column yielded n-hexyl 
sulphide. (16 g, 79% theory; b.p. 144-6°/21 mm, 150-2°/24 mm; 29 1.4590; Found: 15.3, Calculated: 
15.84% sulphur; VoGEL! gives b.p. 113.5/4 mm) 


n-Heptyl sulphide 

Prepared as above by the addition of n-heptyl bromide to sodium sulphide in ethanol during 
a period of ro minutes and refluxing for 30 minutes. (75% yield; b.p. 184-6°/34 mm; 729 1.4583; 
Found: 12.8, Calculated: 13.9% sulphur; VoGEL!* gives b.p. 161.5/4 mm) 


n-Octyl sulphide 

Prepared as above, addition during a period of 20 minutes, total reflux time 45 minutes. (61.4% 
yield; b.p. 202-6°/28-9 mm; 29 1.4622; Found: 12.38, Calculated 12.39% sulphur; VoGEL" gives 
b.p. 161.5/4 mm) 


n-Decyl sulphide 
Prepared as above, addition during a period of 10 minutes, total reflux time 90 minutes. (79.2% 
yield; b.p. 208-10°/5 mm; 28 1.4612; Found: 9.81, Calculated: 10.19% sulphur) 


n-Pentyl sulphide 

n-Pentyl bromide (15.0 g, 0.10 mole) was added during a period of 30 minutes to rapidly refluxing 
ethanolic sodium sulphide (15.62 g, 0.20 mole, dissolved in 100 ml ethanol), and refluxing continued 
for 1 hour. Addition of water, separation, and fractionation as above, gave n-pentyl sulphide. 
(5.0 g, 61.8%, yield; b.p. 122-4°/33-34 mm; n29 1.4563; Found: 18.3, Calculated: 18.39% sulphur) 


n-Hexyl disulphide 

n-Hexyl bromide (41.25 g, 0.25 mole) and sodium thiosulphate (62.05 g, 0.25 mole) in water 
(200 ml), and ethanol (200 ml) were refluxed for 1 hour, when a homogeneous product was obtained. 
Sodium hydroxide (15 g) was then added and the solution refluxed for 1 hour. The upper disulphide 
layer was taken up in petroleum spirit and separated from the aqueous layer. Extraction of the 
aqueous layer with petroleum spirit, combination of the extracts, removal of solvent and fractiona- 
tion, yielded n-hexyl disulphide. (8.0 g, 27.3% yield; b.p. 181-2°/21 mm; »*) 1.4870; Found: 27.4, 
Calculated: 27.6% sulphur) 


n-Heptyl disulphide 
n-Heptyl bromide (44.78 g, 0.25 mole) and sodium thiosulphate (62.05 g, 0.25 mole) were refluxed 
in ethanol (150 ml) and water (150 ml), for 90 minutes. The hot solution was then treated at 60-80 
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with iodine (32.38 g, 0.128 mole) added in small portions. A faint iodine color just persisted at the 
end of the addition. Extraction and isolation as for the »-hexy] disulphide gave n-heptyl disulphide. 
(75-7% yield; b.p. 140-3°/4 mm, 159-61°/10 mm; 729 1.4863; Found: 24.4, Calculated: 24.4% 
sulphur) 


n-Octyl disulphide 

n-Octyl mercaptan (48.76 g, 0.33 mole) and sodium hydroxide (13.50 g, 0.338 mole) were dissolved 
in water (200 ml) and heated to 60°. Iodine (42.30 g, 0.166 mole) was then added to the hot solution 
in small portions. The separated oil was dried over anhydrous magnesium sulphate and distilled 
through a Dufton column to yield n-octyl disulphide. (25 g, 51.6% yield; b.p. 199-200°/10 mm; 
n®9 1.4820; Found: 20.0, Calculated: 22.07% sulphur) 


n-Decyl disulphide 

Prepared as for n-hepty1 disulphide from n-decyl bromide (55.3 g, 0.25 mole), sodium thiosulphate 
(62.05 g, 0.25 mole) and iodine (34 g, 0.134 mole). Fractionation gave -decy] disulphide. (36.27 g, 
83.6% yield; b.p. 180-2°/4 mm; ”2° 1.4830; Found: 18.3, Calculated: 18.5% sulphur) 
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DE L’USURE DES CONTACTS ELECTRIQUES 
A L’USINAGE PAR ELECTRO-EROSION 
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RESUME 


Le phénoméne d’électro-érosion a été observé depuis longtemps déja mais son utilisation par 
Vindustrie est récente. 

On ne connait pas actuellement d’explication théorique satisfaisante du phénoméne. Celle-ci fait 
appel a de nombreuses questions que la physique moderne ne fait qu’aborder. Néanmoins on peut 
donner un schéma approximatif des processus qui entrent en jeu. 

Les auteurs se sont efforcés de présenter une méthode expérimentale permettant l’étude de ce 
phénoméne. La définition et la connaissance des paramétres en est le préliminaire indispensable. 
Quelques exemples permettent de comprendre dans quelle mesure ]’étude expérimentale de 1’in- 
fluence des différents variables agissant sur ces parametres est suffisante pour dégager les conditions 
optima d’une utilisation industrielle du phénoméne. 

En conclusion, par l’originalité des solutions qu’elle apporte a de nombreux problémes auxquels 
se heurte l’industrie, les méthodes d’usinage par électro-érosion sont appelées a se développer trés 
rapidement au cours des prochaines années, 


SUMMARY 


The phenomenon of electro-erosion has been known for a long time but its industrial application 
is of recent origin. 

A satisfactory theoretical explanation of the phenomenon is not yet known. Numerous problems 
are involved which are on the borderline of present-day physical knowledge. 

An experimental method is described which makes a study of the phenomenon possible. Definition 
and recognition of all parameters is the first necessary step. The influence of a number of variables 
on these parameters has been studied. It is shown, with a few examples, how such data can be used 
to single out optimum conditions for an industrial application of the process. 

It is pointed out, finally, how numerous problems faced by industry find a unique solution by 
machining with the aid of electro-erosion*, a method which will make rapid progress within the 
next few years. 


I. APERCU HISTORIQUE 


C’est au cours d’une étude sur l’usure des contacts électriques et en cherchant a 
l’éliminer que les Lazarenko en 1944 se sont apergus qu’en faisant éclater des étincelles 
entre deux électrodes l’anode s’usait préférentiellement en reproduisant la forme de la 


* The term ‘‘spark machining” has been proposed for this process by British authors, see Abstracts 
Section of this issue. Ed. 
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cathode, et non pas la cathode comme dans le cas de l’arc. Ils ont aussi remarqué cette 
usure ou plus exactement cette érosion était plus importante si les électrodes, |’, outil” 
(cathode) et la ,,piéce’’ (anode) étaient plongées dans un liquide diélectrique. Ils ont 
réalisé les premiéres machines pour l’usinage par étincelles 4 partir d’un schéma élec- 
trique (Fig. 1) identique a celui proposé par KOHLSCHUTTER en Igrg. En effet, le phéno- 
méne avait été signalé depuis longtemps déja mais sans que personne ne s’intéresse a 
la possibilité d’une utilisation pratique quelconque. 


Huile 


Fig. 1. Schéma du circuit Lazarenko. S: Source du type dynamo. 
R: Résistance de charge. 
C: Condensateurs produisant les décharges. 


C’est PRIESTLEY qui le premier, en 1768 a observé le phénomeéne d’€rosion électrique, 
en faisant éclater une étincelle dans l’air entre une plaque et une pointe. Il a constaté 
la formation d’une tache centrale sombre entourée d’anneaux colorés. Voila la des- 
cription qu’il donne de la tache centrale: 

La surface est comme arrachée ou corrodée par les explosions (électriques) les plus 
puissantes (‘‘The surface is, as it were, torn or corroded by more violent explosions’’). 
Dans un texte ultérieur il ajoute que l’on observe des cavités minuscules et des globules 
de métal fondu. 

A la suite des observations de Riess (1861) et de PETERIN (1870), REITLINGER ET 
WATCHER (1881) ont entrepris une étude systématique du phénomene et s’apercoivent 
que, dans certaines conditions, l’érosion de l’anode est plus importante que celle de la 
cathode. 

Apres les célébres travaux de FARADAY sur les métaux colloidaux, BREDIG (1898) 
mit au point une méthode de préparation de solutions colloidales en faisant éclater un 
arc en courant continu (35-50 V, 4-10 A) entre deux électrodes métalliques de méme 
nature, plongées dans l’eau. Ces recherches ont été reprises par THE SVEDBERG (1905) 
qui a constaté qu'il était possible de travailler dans des liquides autres que l’eau, que 
la décomposition du liquide était plus faible et le rendement en colloide optimum si, 
au lieu de faire éclater un arc, on faisait éclater des étincelles en courant alternatif. 
Il expérimente un circuit comprenant une capacité, une self et une résistance mais 
s'intéresse surtout a la vitesse de ,,dispersion” de différents métaux, probleme qui a 
aussi préoccupé BENEDICKs (1912) et KUTSCHEROFF (1912). 

Un progres important a été réalisé par KOHLSCHUTTER. I] trouve que l’érosion préfé- 
rentielle de l’anode ne se produit que si la décharge se fait par étincelle sans formation 
d’arc. 
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II. MECANISME DE’ L’ELECTRO-EROSION 


Liste des symboles 


At = durée de la décharge 

fy = fréquence de répétition des décharges 
W = énergie d’une décharge 

Pm = puissance moyenne d’une décharge 
Vg = volume d’un cratére élémentaire 


= diamétre d’un cratére élémentaire 

= profondeur d’un cratére élémentaire 
facteur de forme du cratére élémentaire 
= vitesse d’érosion 

= coefficient d’usure 

Ru = rugosité. 


anys a 
Il 


L’électro-érosion est caractérisée par le fait qu’une décharge électrique brusque 
(étincelle) entre deux électrodes polarisées, s’accompagnent d’un arrachement de 
matiére qui affecte les deux électrodes de maniére inégale. Dans certaines conditions, 
il est possible de concentrer la majeure partie de l’érosion sur l’une des électrodes, sans 
toutefois l’éliminer complétement sur l’autre. 

En immergeant les électrodes et en effectuant les décharges dans un fluide diélec- 
trique on augmente la quantité de matiére enlevée par unité de temps. 

L’enlévement des matiéres anodiques s’effectuant quelle que soit la dureté des 
métaux ou alliages constituant les électrodes, on comprend qu'il devienne possible 
d’entamer l’acier trempé ou méme le carbure de tungsténe avec une électrode de couvre, 
laiton, aluminium, etc.... 

Tout se passe comme si la cathode agissait par arétes coupantes multiple, chaque 
étincelle produisant sur la piéce a usiner l’effet d’une aréte coupante élémentaire, dont 
la somme aboutit a la reproduction en creux du relief et du profil de la cathode sur 
la piéce a usiner. 

On dispose ainsi d’un véritable outil électronique possédant un nombre infiniment 
grand d’arétes coupantes, les dimensions de chacune d’elles étant déterminées par les 
paramétres électriques et physico-chimiques de la décharge. 

L’étude fondamentale de l’électro-érosion a pour but d’expliquer rationnellement le 
comportement des électrodes ayant participé a une décharge électrique brusque. 

Les données expérimentales actuellement disponibles sont largement insuffisantes 
pour tirer des conclusions définitives. 

Le phénoméne est complexe et met en oeuvre plusieurs aspects, notamment: 

~ l’émission ,,a froid” d’électrons (et ions) des surfaces métalliques par un champ 
électrique local suffisamment intense ; 

_la formation d’une décharge trés intense a basse tension et de courte durée, dans 
un fluide diélectrique ; 
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_ la répétition de décharges électriquement identiques 4 une cadence faisant inter- 
venir le temps de désionisation du fluide diélectrique ; 

_l’impact d’électrons (et ions) accélérés par le champ électrique sur les surfaces métal- 
liques ; 

-l’effet des forces électro-dynamiques (pression, ondes de choc) et de la température 
instantanée sur la structure des surfaces métalliques. ae 

Parmi les effets secondaires, l’électro-érosion produit une décomposition partielle ps 
fluide diélectrique avec libération de produits gazeux et formation de ,,micro- copeaux”” 
en provenance des électrodes, q 


AG 


1. Formation des cratéres > 


Considérons deux électrodes planes, paralléles, séparées par une distance d, immer- 
gées dans un fluide diélectrique. Une différence de potentiel V établie entre ces deux 
électrodes crée un champ électrique d’intensité moyenne : E = V/d. 

Les électrons ,,initiaux’’ émis par la cathode, accélérés par le champ E, ionisent les 
molécules du fluide diélectrique avec libération d’électrons supplémentaires, déclen- 
chant ainsi de proche en proche une réaction en chaine. 

Si la fréquence des chocs ionisants est suffisante on aboutit 4 la formation d’une 
, avalanche”’ de charges électriques (électrons, ions positifs et négatifs) confinée dans 
un canal et étroit par les forces électro-dynamiques (,,pinch effect’). La partie négative 
de l’avalanche libére, 4 l’instant de l’impact, son énergie cinétique sous la forme d’une 
onde complexe et provoque la formation du cratére caractéristique d’électro-érosion. 
Un phénoméne similaire a lieu a la cathode avec la partie positive de la décharge (ions 
positifs provenant du diélectrique et du métal de l’anode) (Fig. 2). 


Cathode 


Anode 


© Electron (Molecule neutre 3) lon positif 


——_— 
direction du déplacement du tluide direction du déplacement 
diélectrique 


Fig. 2. Formation du canal de la décharge. 


L’expérience montre que, toutes choses égales, le volume du cratére anodique est 
généralement plus grand que celui du cratére cathodique correspondant. 

Le phénoméne se propage affectant la totalité des surfaces en regard des électrodes 
dont la matiére se retrouve finement dispersée dans le fluide qui les sépare. 
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Ces ,,micro-copeaux”’ sont généralement sphériques et leur diamétre est fonction de 
l’énergie de la décharge. Les photos 1 et 2 montrent l’aspect, vu au microscope, des 
micro-copeaux produits par des décharges d’énergie variable. 


Grossie 200 X ; réducé en reproduction 0.75 


Photo ft. Photo 2. 


Micro-copeaux provenant de l’usinage de magnésium avec des cathodes en laiton. Remarquez la 
forme sphérique des micro-copeaux. 


Grossie 200 X ; réducé en reproduction 0.75 


2. Energie et puissance dans la décharge 


La formation du cratére anodique et du cratére cathodique qui l’accompagne, néces- 
site un apport extérieur d’énergie, localisée dans la décharge. 

A titre d’exemple, considérons un train d’étincelles produites par décharges répétées 
2,000 fois par seconde (f,) d’un condensateur de 20 wF chargé sous 300 volts, la durée 
aes décharges (A?) étant de 20 micro-secondes. 

Dans ces conditions, nous aurons: 


(a) énergie d’une décharge: 


W = 1/2 CV? = 90.9 Joules. 


(b) puissance moyenne de la décharge: 


Pm = W/At = 45,000 watts = 45 kW. 


(c) énergie par unité de surface: 
La surface intéressée par la décharge étant de l’ordre de 2-10-8 cm? la puissance par 
unité de surface (S) est: 
Pm|S = 22,500 kW/cm?. 
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(d) puissance absorbée au réseau: 


Avec un rendement électrique global de 50%: 


olga re 
0.5 


I apparait ainsi qu’en mettant en oeuvre des puissances moyennes modestes (quelques 
kW) il est possible d’obtenir dans une décharge brusque, localisée dans un canal étroit, 
une puissance instantanée considérable, avec une trés grande concentration locale 
d’énergie. 


3. Géométrie des cratéres 
Les cratéres élémentaires d’électro-érosion ont une géométrie s’approchant de celle 
d’une calotte sphérique avec un diamétre plusieurs fois supérieur a leur profondeur: f. 
Le volume du cratére réel pourra s’exprimer par la relation: 


anaes ty 7 


dans laquelle A est un coefficient qui mesure l’écart entre le volume réel et le volume 
,idéal” de la calotte sphérique. 
Soit: 
F = p/a le facteur de forme du cratére. 
Comme IF est généralement < 1/10, le terme entre crochets est voisin de l’unité, d’ou: 


Uy) = A: (0.4° pa*®) = 0.4°A* Fe a® (2) 


Le coefficient A est généralement compris entre 0.7 et 1.4 suivant les caractéristiques 
électriques de l’étincelle, la nature des métaux en présence et celle du fluide diélectri- 
que (Fig. 3). 


a = diamétre 


P= profondeur Fis Ws A 

—:-—-— cdne Bho 

------ - cylindre a 
calotte spherique 1 


Vo =~ 0.4 A:-F-q3 


Tig. 3. Géométrie simplifiée des cratéres. 


4. Définition des paramétres principaux: vitesse, usure, rugosité 


La vitesse d’électro-érosion est définie par le volume Av+ de matiére anodique ou 
cathodique enlevée par unité de temps: 
= der Av- 
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Généralement on ne s’intéresse qu’a la vitesse d’électro-érosion sur la pléce a usiner 
4 as 4 dL s af s 
(anode) tandis qu’il est commode de représenter l’érosion de 1|’électrode opposée (ca- 
thode) par un coefficient appelé uswre (U) défini par: 


tp ADS 


GO ae ee 
Avt 


- 100 (4) 
mais Av* et Av- représentent les volumes globaux des cratéres élémentaires (anodiques 
ou cathodiques) produits pendant le méme temps ¢. Si /, désigne la fréquence de répé- 
tition des étincelles (nombre d’étincelles par seconde) et vg* le volume des cratéres élé- 
mentaires (anodiques ou cathodiques) alors: 


Avt = Up jr t (5) 
Ce qui permet (en tenant compte de (2)) d’exprimer la vitesse sous la forme: 


Ve Unify == 0.4 A a= fy (6) 


Cette expression montre que la vitesse d’électro-érosion croit, toutes choses égales, 
avec le cube du diamétre du cratére élémentaire, et linéairement avec la fréquence de 
répétition des étincelles. 

En tenant compte de (4) et (6), et en supposant que les coefficients A et F soient 
sensiblement les mémes a l’anode et a la cathode, l’usure U pourra s’écrire: 

U9 a-\8 
ee ee (7) 

Le coefficient d’usure mesure donc le rapport entre le volume des cratéres élémen- 

taires cathodiques et anodiques et varie avec le cube du rapport des diamétres respec- 


tifs. 
La rugosité peut étre définie par la profondeur des cratéres (pf) et exprimée par: 


Ru=a-F (8) 


Tenant compte de (6) il est possible d’établir une relation théorique entre la vitesse 
d’électro-érosion et la rugosité des surfaces: 


V 
Peete ey (9) 


Le rapport entre la vitesse d’électro-érosion et la rugosité des surfaces croit avec le 
carré du diamétre des cratéres et linéairement avec la fréquence de répétition des 


étincelles. 
La méme relation peut se mettre sous la forme équivalente: 


V = 0-4 Rub fr KO Ru fr (10) 
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La relation (10) montre que toute amélioration de l'état de surface (diminution de 
Ru) entraine nécessairement une importante baisse de la vitesse d’électro-érosion qui 
ne peut étre compensée que par l’augmentation de la fréqeunce de répétition des 
étincelles. L’expérience confirme ce point de vue (voir Fig. 4). 

Un compromis doit étre trouvé, l’augmentation de la fréquence de répétition des 
étincelles étant limitée par le temps de désionisation du fluide. 

En résumé, il apparait que, toutes choses égales, la vitesse d’électro-érosion est pro- 
portionnelle a la fréquence de répétition des ¢tincelles, tandis que la rugosité ne dépend 
que des caractéristiques électriques de l’étincelle élémentaire. 

Pour un couple d’électrodes de composition et géométrie déterminées, les parameétres 
fondamentaux, Vitesse, Usure, Rugosité seront fonction essentiellement du type de 
générateur d’étincelles utilisé. 


i) 
fo) 
fe) 


/ Le 
Cc ‘ | 
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Fig. 5. Schéma d’ensemble du générateur d’étincelles 
C.N.R.S. Type IV. 
A: Alternateur basse impédance 
Co: Condensateurs de découplage 
Lo: Self inductance formant avec Co un circuit 
résonant a la fréquence de l’alternateur 
R: Redresseurs de courant 
Le: Self de charge de la ligne a retard 
' N: Noyau en ferrite 
Fig. 4. Relation entre la vitesse, l’usure Lr-Cr: Ligne a retard produisant les décharges entre 
et la rugosité en fonction de la puissance. électrode et piéce. 


800 


Vitesse mm? /minute 
oO 
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<> 


5. Facteurs agissant sur la vitesse, l’usure et la rugosité 


Les exemples qui illustrent ce paragraphe sont tirés d’une étude effectuée a l’aide 
d'un générateur C.N.R.S. type IV (Fig. 5) pour lequel Co = 4.5 uF, Lo = 0.1 mH, 
Cr = 24 uF. L’organe essentiel de ce type de générateur est un groupe convertisseur 
de fréquence fournissant une puissance variable de 0 4 10 kW A 2500 Hz sous basse 
impédance. Sauf spécification contraire ces résultats ont été obtenus sur des électrodes 
cylindriques (diamétres extérieur 30 mm, diamétre intérieur 10 mm) avec une circula- 
tion d’huile minérale (viscosité SAE ro) a travers l’électrode. 

L’électro-érosion étant un phénoméne complexe on doit s’attendre a ce que les fac- 
teurs multiples et interdépendants influencent les principales grandeurs caractéristi- 
ques définies précédemment. L’étude expérimentale méthodique de ces facteurs est 
indispensable pour en déterminer l’importance. On peut les classer en trois grandes 
catégories: 
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(a) les facteurs électriques tels que la tension, l’intensité, la forme d’onde, |’énergie, les 
puissances moyenne et créte, la durée des décharges, dépendent des divers éléments 
du générateur auquel ils sont liés et ont une action directe sur la vitesse, l’usure, la 
rugosité. 

Une étude préliminaire nous a permis de choisir les différents paramétres du circuit 
du générateur. 
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Fig. 6. Influence de la profondeur de péné- Fig. 7. Influence de la teneur en carbone pour 
tration sur la vitesse d’électro-érosion. le systéme Fer-Carbone. 


(b) les facteurs géometriques et mécaniques. La Fig. 6 qui met en évidence I’influence, 
sur la vitesse d’érosion, de la profondeur de pénétration de |’électrode dans la piéce 
usinée, fait ressortir l’importance des facteurs géométriques dans l'étude du phéno- 
meéne. On peut aussi classer dans cette catégorie la surface des électrodes, les rapports 
surface/périmétre de la section efficace d’éclatement des étincelles ; surface/profondeur 
d’empreinte, le débit et la pression du diélectrique, la rotation et la vibration des 


électrodes. 


TABLEAU I 


VITESSES D’BLECTRO-EROSION OBTENUES A L’ANODE ET USURES CORRESPONDANTES DE LA CATHODE 
POUR UNE PUISSANCE DE 7 kW CONSTANTE 


Electrode 
Métal at = ‘Cope oe — Laiton Zinc 
Anodique + = ——————_ _ —____ ——$_______— = Sg ee 
Vitesse Usure Vitesse Usure Vitesse Usure 
mami [min % mm |min % mm/min % 
Pb 3200 2.5 4000 5:4 3560 10.9 
Mg 2080 ine 3800 3.5 3070 8.5 
Al g60 4.1 2130 AG 2170 14.4 
Zn 1210 4.2 1650 WRG) 1020 92 
Ni 640 9.5 515 33 205 240 
Fe 410 24 410 68 195 200 
Cu 190 47 420 64 195 240 
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(c) facteurs physico-chimiques. Ce sont les plus importants. Le Tableau I et les Figs. 7 
4 11 montrent l’importance des variations qu’entraine une modification de la matiére, 
de la structure ou de la polarité des électrodes ou du diélectrique. 
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Fig. 8. Vitesse d’électro-érosion d’une anode en Fig. 9. Usure d’une cathode en cuivre en 
aluminium en fonction du métal cathodique. fonction du métal anodique. 
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Fig. ro. Influence de la polarité sur la vitesse Tig. 11. Influence de la polarité sur la vitesse 
d’électro-érosion (I). d’électro-érosion (II). 


Pour l’ingénieur le probléme se présente sous l’aspect suivant: pour un métal donné 
quelle électrode doit-on choisir pour obtenir une vitesse d’usinage optimum et une 
usure minimum. Le Tableau I et les Figs. 8 et 9 par exemple montrent la nécessité d’un 
compromis entre les deux impératifs. Dans la plupart des cas une électrode en laiton 
donnera une vitesse d’érosion plus élevée mais les usures plus faibles seront obtenues 
avec une électrode en cuivre. Les Figs. 10 et 11 indiquent que, toutes choses égales, 
l'usure de l’anode est plus importante que celle de la cathode. Les fléches indiquent 
l’évolution des courbes lors de l’inversion de polarité. L’étude de l’influence du diélec- 
trique permet elle aussi une amélioration importante des performances. La Fig. 12 met 
en relief une augmentation de l’ordre de 50% de la vitesse d’usinage d’un acier a 1% 
de carbone usiné avec une électrode en cuivre, augmentation obtenue simplement par 
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Fig. 12. Influence du fluide diélectrique sur la vitesse d’électro-érosion. 


le choix d’un fluide diélectrique (I) de méme viscosité que le précédent (II) mais de 


structure moléculaire différente. 
Ces quelques exemples permettent de mieux comprendre l’intérét que présente pour 


Vindustrie une étude expérimentale approfondie des facteurs physico-chimiques. 


III, CONCLUSION 


Utilisant comme outil de coupe l’électron qui représente une aréte infiniment dure 
et infiniment petite, l’électro-érosion apporte une solution nouvelle 4 de nombreux 


Photo 3. Matrice d’estampage, en acier autotrempant, a 13% de chrome. Dimensions de la matrice: 
longueur, 19 cm; largeur, 14 cm. 
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Photo 4. Filiére en acier autotrempant, a 13%, de chrome. Diamétre: 10 cm, épaisseur: I cm. 


problémes auxquels se heurte l'industrie. Elle permet de s’affranchir de l’obligation de 
posséder un outil matériel plus dur que la piéce a usiner (travail des métaux et alliages 
réfractaires) (Photo 3). L’obtention d’angles vifs n’est plus limité par les dimensions 
d’une aréte coupante de l’outil matériel (Photo 4). 

Ces exemples permettent de comprendre le développement rapide du champ d’appli- 
cation de ]’électro-érosion au cours de ces derniéres années. 

D’autre part un asservissement simple assure l’automaticité de l’usinage en mainte- 
nant a une valeur constante la distance outil-piéce, les informations étant portées par 


la géométrie de |’électrode. 
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WEAR OF METALS* 


bel) BARWELL 


Lubrication and Wear Division, Mechanical Engineering Research Laboratory, D.S.I.R., Thorntonhall,. 
Glasgow (Scotland) 


Parliament, in the income tax acts, authorises deductions for wear and tear as a 
percentage of total value. The allowance varies with the nature of the equipment, rang- 
ing from 10% for a steam roller to 20°, for a taxicab!. Thus more than one tenth of 
our accumulated wealth is accepted by no less discerning a body than the Inland 
Revenue Authorities as vanishing annually. Alternatively, we have to invest annually 
a sum exceeding 10%, of all real wealth in order that our total capital equipment should 
have undiminished value from one year to another. 

Whilst the economic implications of this could well be ignored in an expanding econo- 
my, where there is a shortage of capital formation it becomes of critical importance. 
Imagine for example an undeveloped country having a fixed amount of capital forma- 
tion per year ; after ten years had passed it could become no better off and would have 
to stand still. Fortunately, capital investment increases the rate of production of wealth 
so that this is an extreme situation which will never in fact come about, but it serves 
to demonstrate what a tremendous toll wear and tear, ‘‘depreciation’’, takes of the 
wealth of the world. 

Whilst wear may not place an absolute limit on the life of an investment it certainly 
lies at the root of a great deal of the expenditure on maintenance which must take 
place; maintenance indeed which is often costly in itself but still more costly in the 
loss of working time occupied in repairs. This pattern is repeated throughout industry 
and therefore an important field of study exists whereby, by understanding the process 
of wear we may improve practice, design, and materials so as to achieve a substantial 
reduction in operating costs. 

“Wear” is a familiar term but one which is somewhat difficult to define. After some 
discussion, a Committee of the Institution of Mechanical Engineers has adopted the 
following definition: ‘Progressive loss of substance from the surface of a body brought 
about by mechanical action (usually it reduces the serviceability of a body but can be 
beneficial in its initial stages in running-in)’’. Some attempt in the past has been made 
to define the laws governing wear action? and it may be helpful to consider the manner 
in which wear rate varies with time of running. 

Three cases are discernible (Fig. 1). Firstly, we may assume that, in a moderately 


* The Autumn Lecture of the Institute of Metals, September 17th, 1957 (condensed by the Editor 
from the original manuscript). 
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V (wear) 


t (time) 


Fig. 1. Idealised wear curves. 


well-lubricated system, wear will occur when imperfections in the two sliding surfaces 
collide. If the wear process consists of removing these imperfections, collisions will be- 
come less frequent as wear proceeds. Alternatively, lubrication may become more 
effective. We may therefore write 
a = P= iat ta =F Pest) 

This is characteristic of a ‘‘running-in’’ process. 

If however the damage occurs in such a way as to make the surface more prone to 
wear, the wear rate may be expected to increase as wear proceeds ; thus 

a SNOW opie A = fof 

where f is some characteristic of the initial surfaces. This expression indicates that the 
volume of material removed increases very rapidly with time. Depending on the values 
to be assigned to f and a, wear of this character may present the appearance of sudden 
catastrophic failure. It is therefore possible that forms of failure which have previously 
been considered to be instantaneous have in fact been manifestations of a compara- 
tively minor form of damage to the surface which, if not repaired instantly, built up 
rapidly to complete failure. It is possible that the action of extreme-pressure lubricants 
may be to repair the initial surface defect so as to prevent this self-accelerating process. 

This third case, when wear rate is constant, is indicative of the fact that, although 
material is being removed from the surface, this remains neither more nor less suscep- 
tible to wear than previously. Thus V = at. This situation implies that either the 
mating surface is not wearing at all, for example, it is very hard compared with the 
material under consideration, that it wears in such a way as neither to increase nor 
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diminish the severity of its attack on the mating surface, as when individual grains 
are removed from a grinding wheel, or that the damage is caused by circumstances 
which are unaffected by the topography of the surface, e.g. by abrasive matter intro- 
ced from outside or by corrosion. 

If, in the case of a bearing in conventional materials, neither catastrophic failure 
occurs nor wearing-in until wear rate becomes negligibly small, the probability is that 
the rate of wear will be governed by either corrosion or foreign abrasive or both. It is 
to these causes that we must look for an explanation of the type of wear exhibited by 
machine elements which, whilst giving good service for years, eventually wear out. 


Fig. 2. Generalised rubbing surfaces. U, and U, are the velocities of the surfaces relative to the 
centre of the zone of contact. Thus when U, = 0, simple sliding takes place. When U, = Uy, the 
surfaces roll without sliding. 


From the foregoing generalisation it will be seen that a number of factors have to be 
taken into account to determine the manner in which wear will proceed and whether 
a tolerable service condition can be achieved or whether indeed failure is inevitable. 
These factors are somewhat numerous and, if one considers the wide variations in 
rubbing surfaces encountered in industry, it should be clear that some further analysis 
will be necessary. Fig. 2 shows, in a highly idealised manner, the factors believed to 
govern the wear process. In the first instance, we must consider the general shape of 
the contacting bodies because this will determine the stress system operating. In the 
diagram these are shown as large radii, which is representative of conditions which 
would be experienced in gear teeth and roller bearings. In the general case it is necessary 
to quote also two corresponding radii in the plane normal to the page. The second most 
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important factor is the load applied to the surface. This may be a constant force both 
in magnitude and direction or it may vary in magnitude and also in its direction relative 
to the system asa whole. In the diagram the velocities of the surfaces, which for general- 
ity have both been shown as moving, are measured relative to the line of action of 
the load, i.e. the system is Eulerian. Therefore the variation of the direction of load 
in space can be taken into account in this picture by selecting appropriate values of 
U, and U,. Where the surfaces are nominally flat, it is clear that contact will occur 
only at certain places as governed by the micro-configuration of the surface, generally 
referred to as the surface roughness. In the general case of curved surfaces, it is possible 
to estimate the stresses by means of Hertzian elastic theory. However, the effect of 
irregularities, which will almost certainly be random in character, will result in numer- 
ous concentrated contacts some of a higher intensity than others. Thus plastic flow 
will take place and the plastic properties of the bearing metal, or of the superficial layer 
where this differs from the parent metal, are of importance as well as its elastic proper- 
ties. It is the object of engineering design, wherever possible, to provide hydrodynamic 
lubricant conditions, that is, to ensure that the two surfaces are physically separated 
by a high-pressure lubricant film. The pressure generated through such a film would 
depend on the normal load P, the relative values of U, and U, and 7; and 7, as wellas the 
viscosity 7 of the lubricant. In the case of contacting cylinders the minimum film thick- 
ness hy,jn may be regarded as being proportional to 
U, + U, ¥"%o, 
a aa ry 7) 

Provided hj, is sufficiently large to prevent contact of individual asperities, wear 
will be dependent merely on the presence of loose abrasive particles of a greater dimen- 
sion than this. 

The hydrodynamic design of bearing surfaces is the concern of the engineer and is 
governed by the laws of Applied Mechanics. It is therefore outside our subject ; we are 
concerned with those conditions where /,,;,, cannot be maintained at the desired value: 
that is, with circumstances where it is important to take into account more detailed 
properties of the surface. In such circumstances it is possible to obtain reasonably 
effective lubrication by the use of boundary lubricants. These may function by physical 
adsorption on to the surface, but more often they operate by reacting chemically 
therewith to provide material whose rheological properties enable load to be trans- 
mitted between the surfaces without excessive interaction and damage. Vital, in any 
study of wear, is the true nature of the oxides of the surface which in all practical cases 
involves some form of oxide film. Earlier concepts and indeed the diagrammatic re- 
presentation in Fig. 2 wherein the oxide film was considered as a layer of uniform thick- 
ness composed of uniform material is a gross over-simplification. The thickness of the 
oxide film may vary considerably along the surface and its chemical composition is 
by no means uniform from inside to outside. This involved field therefore must be 
studied intensively if we are to make much further progress in understanding the 
fundamentals of wear. 

The important effect of the surface layer affords us the opportunity of artificially 
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developing improved surfaces from the point of view of friction and wear. We have, for 
example, the well-established phosphating processes together with new processes such 
as the “‘sulfinuz” and it is by modifying the surface layer that the chemist and metal- 
lurgist may find a very fruitful field of activity in the pursuit of wear prevention. 

Immediately below the oxide film, and often mingled with it in an intimate way, 
is the true surface layer of the metal. Depending on the method of manufacture, this 
layer may depart very considerably from the basic structure of the parent metal. In- 
deed, the concept of an amorphous region was well established by BEILBy. Most 
finishing processes will lead to a highly distorted metal which will often be enriched 
by oxide incorporated from the oxide layer. Then again, depending on the method of 
manufacture and on the intensity of loading relative to the material properties of the 
parent metal, there may well be a layer of strained and distorted structure before we 
reach the parent metal itself. Considering the wide range of hardness, toughness, 
and chemical reactivity of the materials available to modern technology, the selection 
for any application must leave a wide field for discriminating choice. 

It will be seen that with all these factors entering into any practical application, a 
generalised treatment of wear - a treatment which would consider the effect of varying 
any factor against a background of the full range of possible variation of the other 
factors —- would be quite impossible, and those having responsibility for programmes 
of research on wear intended to be applicable to all industry cannot take a purely 
logical approach and work through all the effects of their combinations but must to 
some extent gamble on the selection of the most profitable regions of study. 

It is proposed in the remainder of this lecture to select certain conditions applicable 
to well-known engineering applications and to illustrate them from current research 
at the Mechanical Engineering Research Laboratory. 


ROLLING CONTACT 


Here, in pure rolling, U, may be taken as equal to U, and W a constant load. In the 
absence of relative lateral motion between the surfaces this situation might at first 
sight seem to give rise to no wear whatsoever. However, it is a well-known fact that 
ball bearings fail by pitting in a somewhat unpredictable manner. The load/life re- 
lationships show a statistical spread which can be represented as a plot of the life to 
failure against the number of elements withstanding that life. A general relationship 
between the average life and load appears to take the form of the inverse cube law. 
A simple form of test has been developed for this purpose. 

Because the conditions are Hertzian, it is necessary for the parent material to possess 
a high yield stress and either a through-hardening steel or a case-hardened steel giving 
a hardness at the surface of something in the region of 800 V.P.N. is universally em- 
ployed in practice. Even so, evidence of plastic flow has been noted in our experiments 
at higher loads. The formation of mechanical troostite, first discovered by JONES’, is 
illustrated in Fig. 3. Examination of actual failed bearings and tests run at less intense 
loads, show an absence of this feature; therefore if this is detected in a bearing, it is 
reasonable to assume that it is evidence of excessive loading. 
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Fig. 3. Mechanical troostite formation in a ball bearing. 


Whilst it is clear that the origin of pitting must be associated with high Hertzian 
stresses, it cannot be regarded simply as a problem in mechanical fatigue because the 
nature of lubricant has been shown to have a very marked effect on its incidence?. 
The use of different fluids as lubricants may result in a six-fold variation in life as shown 
in Fig. 4. The reason for this is still somewhat a matter of speculation. It is clear that 
the presence of a lubricant may affect the stress distribution over a contact zone, 
particularly when it is borne in mind that most petroleum lubricants are very sensitive 
to pressure, viscosity increasing up to solidification. This may modify the stress system 
as between different lubricants as will be mentioned later. However, there is also the 
possibility of the lubricant entering pre-existing cracks or those formed by conventional 
fatigue processes in the manner suggested by Way®. Clearly the viscosity-pressure 
relationship of the lubricant may well affect such behaviour. Some evidence in this 
respect arises from the directional nature of the phenomena. Where, in the test rig 
mentioned, U, is not equal to U, over the whole of the contact zone and where there 
is an advancement of one surface over another, cracks appear to originate and spread 
on the slower surface. Further, there is also the possibility that small incipient cracks 
may be spread by means of stress corrosion. Evidence existing at the moment, whilst 
clearly showing that the nature of the lubricant is a vital factor, does not enable these 
theories to be discriminated between in an absolute manner. As in many technological 
problems, it is conceivable that neither of the theories is a complete explanation and 
that the occurrence of the phenomena may be governed by a combination of more than 
one effect. 
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Fig. 4. The load/time to failure curves for various lubricants. 


SCUFFING 


For the purpose of our next section, we shall consider the case where we have Hertz- 
ian contact as before, but where U, is set at a zero value. Under these circumstances. 
scuffing becomes an important type of failure. 

It is evident that in many cases wear is a self-propagating process and that debris 
arising from the initial stages may very soon lead to an increase in wear. Indeed the 
initial evidence may always be expected to be destroyed. Therefore, at the Mechanical 
Engineering Research Laboratory the attempt was made to reproduce the very first 
initiation of wear and to examine its form by means of an electron microscope. Ex- 
periments were carried out on a machine illustrated in Figs. 5 and 6, known as the 
crossed cylinder machine*®. This machine consists of two cylinders each 2’’ in 
diameter, which are loaded together at right angles; the lower one rotates, whereas 
the upper one is traversed longitudinally and transversely during the test so that 
no element of the surface is subjected to contact for a second time. Because 
the traversing action of the machine brings the position of the lower cylinder 
nearer to the fulcrum of the loading lever, this also results in a gradual increase in load 
as the test proceeds. The track on the lower test piece takes the form of a helix and it 


Load Max.— 2000 Ibs (900 kg) 
Min 10 Ibs (4.5 kg) 


S\ + 
Max, 1620 r.p.m. 
Min. 180 r.p.m. Ss 4) 


Fig. 5. Crossed cylinder machine, schematical. 
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Fig. 6. M.E.R.L. crossed cylinder machine. 


is possible to observe the manner in which the damage increases from an apparent 
polishing to severe scuffing as illustrated in Fig. 7. 

The conditions whereby surfaces subject to intense pressure may be lubricated effec- 
tively are still the subject of study. Under the conditions of this test even with the 
smoothest surfaces the loads applied were such that the minimum film thickness is 
calculated from simple hydrodynamic theory to be much lower than the magnitude 
of the expected surface irregularities. However hard and stiff the surface material may 
be, the loads applied are such that there is some elastic deformation. It is now believed 
that this elastic deformation, coupled with the increase in viscosity due to pressure, 
will so modify the generation of hydrodynamic pressure as to enable the load to be 
carried without actual contact. Fig. 8 shows how this modification will take place. It 
will be noted that at one particular region a rather thin film is expected. Fig, 97 isa 
micrograph of the contact zone resulting from experiments in the crossed cylinder 
machine. It will be noted that, over the main area, the original grinding marks may 
be seen but that there is a crescent-shaped area towards the edge which has been 
polished. It is suggested that this result provides evidence in support of the theory 
underlying Fig. 8. 

The distinguishing features of a scuffed surface are usually numerous torn patches 
and blobs of transferred material, and the phenomenon had frequently been attributed 
to the high temperatures produced by rubbing at points in intimate contact. Under 
certain conditions of high load and speed, frictional heat cannot be dissipated rapidly 
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Fig. 7. Track on the lower test piece of a crossed cylinder machine. Damage increases from right 
to left. 


in the surrounding media and an unstable system is initiated which leads quickly to 
localised welding of the opposing surfaces and their subsequent rupture. Qualitative 
conditions governing the inception of scuffing have not yet been fully determined. The 
most promising explanation so far advanced has been BLox’s temperature flash cri- 
terion’. The problem cannot, however, be solved by thermal considerations because 
experimental evidence of the variation in the coefficient of friction makes it apparent 
that scuffing may occur under substantially hydrodynamic conditions. Means of lubri- 


Hertzian stress distribution 
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a Hertzian deformation 
% Departure from Hertzian deformation to 
Ge tail? { give film profile consistent with generation 


Rin OF hydrodynamic pressures to balance 


ll hihi elastic stresses 


Fig. 8. Stress and film profile illustrating elasto-hydrodynamic theories. 
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cation and the properties of the surfaces must therefore be taken into account. Fig. 10 
shows a tranverse taper section through a scuffed surface. The profound effect of sur- 
face failure upon the microstructures is here apparent. 
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FRETTING CORROSION 


Fretting corrosion is a term used to describe a form of wear which usually occurs in 
closely-fitted surfaces subject to vibratory motions of small amplitude. Indeed it 
occurs most frequently in situations where the designer has intended that there should 
be no motion whatsoever and it is most commonly found in so-called force fits or press 
fits, where one sees exuding from the fit, reddish-brownish material usually known in 
engineering workshop parlance as “‘cocoa’’. I am going to classify this as a form of wear; 
a form which may be more prevalent than would be assumed from the presence or 
absence of “‘cocoa’’. For example, it has been suggested® that in the case of a machine 
tool bed, the most serious wear may occur when the bed is stationary and subject to 
oscillatory forces rather than during the time it is being moved from one position to 
another. 

Fig. 11 attempts to summarise the successive stages of the fretting process. First of 
all we see two surface protuberances coming together, the oscillatory motion causes 
some damage, and then, the motion being so small relative to the size of the contact 
area, the majority of that debris cannot escape and gradually increases in volume so 
as to separate metal from metal entirely. Finally one has the anomalous result that, 
owing to this milling of oxide, the pits may be larger than any individual element of 
the debris. 

Returning to our analysis, it will be seen that the characteristic of fretting corrosion 
is that the relative motion U, - U, is of minute amplitude and oscillatory in character. 


ces a ie 


A Adhesive contact of asperities 


a aie = 
ee ep 


eae 
B Material plucked from surface 
c Material ploughed trom surtace 


0) Oxidised debris trapped between surfaces 


Fig. 11. Successive stages of fretting corrosion. 
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The conditions are such that the surface roughness is of predominant importance, over 
and above surface form, so that 7, and 7, may have finite values or be infinite corre- 
sponding to a plane surface. The effect of air or other environment is shown to be 
particularly important, and we may discuss this factor in our next illustration. 


SIMPLE SLIDING WITH AND WITHOUT OXYGEN 


The experimental set-up is one which has been used by many experimenters on 
friction and wear, namely a spherical surface sliding simply over a plane surface. 7; 
is of the order of 1 cm and 7, infinity. Actually the lower test piece was in the form of 
an annulus and the three spherical test pieces were provided on the upper piece. The 
uppermost of the test pieces was cleaned by polishing under a constant flow of water 
in a figure-of-eight motion on 600 A waterproof abrasive paper providing a surface 
roughness of the order of 5 micro-inches C.L.A. The freshly abraded specimen was 
immediately washed in industrial spirit and analar acetone. While the specimen was 
still covered with acetone it was placed in a degreaser, where it was flushed continually 
with methyl ethyl ketone vapour. After the hot distilled methyl ethyl ketone had 
flowed over the specimen for at least twenty minutes, the specimen was picked up with 
clean crucible tongs and placed in the machine. The machine was then evacuated to a 
vacuum of the order of 10-* mm of mercury. A most interesting and unexpected result 
of the first measurements was the coefficient of friction recorded, which was about 0.1, 
a surprisingly low value for a clean unlubricated surface. On air being admitted to the 
apparatus, the coefficient of friction rose to a value ranging from 0.3 to 0.6, and on the 
apparatus being re-evacuated, friction fell again to something approaching its original 
value. 

Studies of the wear occurring on the surfaces during the experiments showed con- 
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Fig. 12. Influence of dry air on sliding friction and wear of steel on steel. 
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formity with this friction result, the wear in the evacuated volume being hardly detect- 
able in relation to the original surface finish of the surface. However, when air was 
admitted, wear became serious and easily detectable as shown in Fig. 12. This effect 
was reversible. When pure oxygen was substituted for air, a similar result was 
obtained. This was rather surprising because it is usually assumed that adsorbed 
oxygen on the surface has a lubricating effect. That the effect is not due to initial 
contamination is evidenced by its reversibility. When the surfaces were completely 
outgassed, the reversible effect did not occur and indeed the coefficient of friction 
rose to about 0.9, as shown in Fig. 13, and the low value in vacuum was not 
repeatable. The low value in vacuum must therefore be attributable to the form of the 
oxide film created during the abrading and cleaning process. It is suggested that 
this film was thin in character and so tough that it was able to withstand the 
intense pressure of the contact and prevented metal reaching metal. 

It is to be expected that there would be a considerable temperature developed at the 
contact and that minute defects would occur in the film. In the presence of oxygen 
these would permit a diffusion towards the contact areas and the formation of oxide 
there. It is conceivable that the oxide formed at the point of contact might have a very 
different composition, being formed at high temperature, from that arising from the 
preparation process. It is clear from the experiment that any protection afforded by 
the original oxide has been destroyed, and we may suppose that the oxide formed under 
rubbing conditions was abrasive in character rather than protective. This opens out 
an entirely new field of study and it shows clearly the importance of the ambient 
atmosphere surrounding a rubbing process. In the case where surfaces were effectively 
outgassed it was seen that the admission of oxygen did produce a reduction in friction 
down to a value 0.5-0.6 characteristic of the rubbing of steel on steel in air. 
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References p. 332 


330 F. T. BARWELL VOL. 1 (1957/58) 


CONSIDERATION OF SOME IMPORTANT PRACTICAL CASES 


These four examples, selected from current research, illustrate the effect of varying 
conditions of duty on the wear process; some important practical cases are as follows: 


Engine cylinders 

In these circumstances 7, and 7, may be considered as infinity and U, = o. P between 
the piston ring or piston and cylinder walls is seldom of great magnitude as compared 
with the areas involved, but the presence of abrasive material and corrosive environ- 
ment becomes of predominating importance. This situation has been met to a large 
extent by lubricant development. Lubricants which not only prevent the aggregation 
of carbon-containing abrasive material but also provide alkalinity to neutralise the 
acids arising from combustion or lubricant deterioration, have shown remarkable ef- 
fectiveness in the reduction of wear. However, less is known of the required properties 
of the rubbing surfaces or of the detailed design in order to reduce wear. Work at the 
Imperial College!! and Cambridge? has shown that, in favourable circumstances, 
piston rings can operate hydrodynamically. There is no reason to believe that the 
piston itself may not operate similarly. The engineer therefore has some responsibility 
to produce thick lubricant films in order to reduce the abrasive nature of cylinder wear, 
but the corrosive element must still make demands on the metallurgist. 


Engine bearings 

The bearings of engines should normally operate hydrodynamically, although, be- 
cause the load varies in a very complicated manner both in magnitude and direction, 
hydrodynamic conditions may break down locally. Moreover, conditions at starting 
are probably not hydrodynamic. Therefore we may except local wear, although a 
conformable material may soon assume a form conducive to the maximum exploitation 
of hydrodynamic lubrication. However, in most cases, the same lubricating oil is used 
for the bearings as for the pistons and this may contain corrosive agents. Therefore 
the environmental factor becomes of considerable importance. This is overcome tech- 
nically by the addition of appropriate additives to the lubricating oil. 

Metallurgical aspects of the bearing materials are also of considerable importance. In 
particular, because of the pulsating nature of the load, the parent metal is subject to 
fatigue. To some extent in the case of white metals, this may be overcome by restricting 
the thickness and providing a steel backing. However, in more rigorous situations it 
is usual to resort to the use of leaded bronzes, which introduce more corrosion problems. 
Bearings, therefore, clearly provide scope for the extension of a combination of metal- 
lurgical and physical knowledge. 


Gears 

Here 7, and 7,, U, and Uyare all finite and a chemically-active environment is deliber- 
ately created by the presence of an extreme-pressure additive. 

A particularly onerous form of gear is embodied in the ‘“‘hypoid”’ rear axle, because 
of the particular sliding conditions arising from the offset of the axle relative to the 
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Fig. 14. ‘‘Rippling”’ formed under heavy load and at low speeds in a hypoid type of gear. 


shaft. Such gears would not operate when lubricated by conventional mineral oils, and 
their extensive use in automobile engineering has been rendered possible solely by the 
invention of extreme-pressure additives. Under high speed conditions, failure occurs 


Fig. 15. Electron micrograph of debris taken from the oil in a wear experiment. 
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by scuffing, but under heavy loads at low speeds, “‘rippling”’ may occur as in Fig. 14. 
The basic cause of this effect is as yet unknown but metallurgical factors are known 


to affect test results. 


CONCLUSIONS 


It will have been gathered that the study of any particular wear phenomenon should 
be preceded by an analysis of the dynamic, the geometric, the kinematic, and the metal- 
lurgical factors surrounding the application. That metallurgical structure may be of 
great importance is instanced by the difference in resistance to abrasive wear of steels 
having the same bulk hardness. It is likely that each phase in the microstructure may 
have its own contribution to make to the wear process. In Fig. 151%, which is an electron 
micrograph of debris taken from the oil in a wear experiment, rod-like particles are 
observed. Comparison with the extraction replica of the carbide particles’ indicates 
that the rod-like particles could have had their origin in fragmentation of the pearlite 
which occurred during the wear process. 
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A REVIEW OF THE FRICTION OF SOLIDS* 


F. P. BOWDEN 


Research Laboratory for the Physics and Chemistry of Solids, Cambridge (England) 


INTRODUCTION 


It is now commonly accepted that when two supposedly ‘‘flat’’ surfaces are placed 
together they touch only locally and that the frictional behaviour is dominated by the 
properties of these small regions of contact. This is true of most metal and solid surfaces, 
even when they have been carefully polished and smoothed by advanced techniques. 
An interesting exception to this can be provided if a solid is cleaved so that the surface 
is free from cleavage steps and is flat to molecular dimensions. Some elegant experi- 
ments with mica cleaved in this way are being made by Dr. AniTA BAILEY (COURTNEY- 
PRATT AND BAILEyY?, and BAILEy, unpublished) **, using sensitive optical techniques to 
ensure that the surfaces are in molecular contact over the whole region. Under these 
conditions strong adhesion occurs which resists movement in a direction either normal 
to, or tangential to the surface ; the behaviour is quite different from that of ordinarily 
flat surfaces, and the usual laws of friction break down. 

In general, however, the contact will be local and it is important to our understanding 
of the friction and wear that we should have a clear picture of the physics of the forma- 
tion, deformation and subsequent breaking of these contact regions. Clearly we are 
interested in the way in which the high spots come into contact, their number, size, and 
distribution, the nature of their deformation (how far it is elastic or plastic), the extent 
of the adhesion at the interface between the solids, the effect of tangential displace- 
ments on these properties, and finally, in the way in which the junctions are broken 
and reformed. We are fortunate in having at this session a number of papers dealing 
with many of these problems. It is clear, of course, that we cannot be dogmatic about 
these processes, nor argue that the conclusions for one system of solids will necessarily 
apply to another. In particular, we must bear in mind that the act of sliding will change 
the conditions: it will, for example, raise the temperature and hence profoundly affect 
the mechanical properties of the contact region. 


* Preprint presented on October 2nd, 1957, at the Conference on Lubrication and Wear arranged 
by the Institution of Mechanical Engineers, London. Reprinted in Wear by permission of that 
Institution. The full text of this review will be published in the Official Proceedings of the Conference. 
** Normal references are numbered. The Appendix gives an alphabetical list of authors of papers 


read at this Conference. 
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FRICTION OF METALS 


There is a strong body of evidence to suggest that the friction of metals is due in a 
large measure to a local adhesion. In addition, there may be an appreciable penetration 
anda ploughing out of grooves in the surface, so that there will be an additional plough- 
ing term which must be considered. Frequently this is small, so that the main frictional 
resistance is the force required to shear the adhering junctions. If the deformation in 
the regions of contact is primarily plastic, the area of contact A, with a load W equals 
W |p, where # is the “‘yield pressure’’ of the softer solid. If the adhesion in the contact 
region is strong, the friction F = As, where s is the shear strength of the weaker metal, 
so that the coefficient of friction « = F/W = s/p. This picture is, of course, highly 
over-simplified and crude. The mode of deformation of the junction is necessarily more 
complex than this and we cannot expect (nor indeed do we find) that the shear strength 
and yield pressure of the material in the contact region will be the same as in the bulk 
material (BOWDEN AND TABOR?®), 


FRICTION AT VERY SMALL DISPLACEMENTS 


Some understanding may be gained of the deformation of the contact region by 
measuring the tangential force when the displacement of the solid is very small, too 
small to cause sliding ; an interesting paper on this is contributed by SHCHEDROV (Paper 
70). 

Earlier experiments on this fall into two classes, those done with oscillatory motion 
(KHAIKIN, LissOVSKY AND SALOMONOVICH!4,15, SALOMONOVICH?®, MASON AND WHITE!", 
JOHNsSON!%) and static experiments. The static experiments have been made by STE- 
VENS?®, using a two-beam interferometer to measure the displacements, by RANKIN?4, 
using a capacity micrometer, by VERKHOVKSII?’ and Cocks’, who both used optical 
levers, and by CouURTNEY-PrRaTT®. A number of isolated observations have also been 
recorded, for example, ERNST AND MERCHANT!™, PARKER AND HATCH!. Cocks, PARKER 
AND HATCH examined the area of contact during the experiment. Cocks was concerned 
mainly with the larger movements and with the break-up of protective films on the 
surfaces. He localized the area of contact in a single, small region, by examining the 
contact of crossed cylinders. 

Recently a rigorous experimental investigation of the effect of small displacement on 
a single region of contact has been made by CoURTNEY-PRATT AND EIsNER®. They 
measured the displacements with a multiple-beam interferometer, using transmission 
fringes of equal chromatic order (ToLANSKy3!), The resolution was of the order of 
10°‘ cm and displacements up to ro“! cm could be measured. The contact area was 
localized by using a spherically-ended cone bearing on a plane. The metals used were 
gold, platinum, tin, indium and mild steel, and the investigation was made on the 
contact of specimens of the same metal. The normal and tangential forces were applied 
by independent elastic systems and normal loads from 10-2 to 104g weight were used. 
The electrical contact resistance, which gave a measure of the contact area, was found 
by measuring the potential difference across the contact, when a known, direct current 
was passed through it. 
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The experiments showed that both the relative displacement between the metal 
bodies and the area of contact increased in a regular and smooth way as the tangential 
force was increased. Finally, sliding took place when the tangential force reached the 
value of the static friction. The amount of the displacement necessary to cause sliding 
varied of course with the experimental conditions, but it might be of the order of a few 
microns — it was usually small compared with the diameter of the area of contact. 
Below this, any value of the tangential force (less than the static friction) gave rise to 
an equilibrium displacement. If the force were removed, the displacement remained. 
All the results indicated that a very small tangential loading produced a plastic yield- 
ing. This is because the metal in the region of contact is already in a state of plastic 
stress because of the normal loading. The results are in harmony with the analysis of 
combined stresses given by MCFARLANE AND TABor!®, The tangential deformation of 
the junctions is essentially plastic and irreversible; a very small amount of reversible 
elastic deformation is observed but this is significant only near the origin. CATTANEOS, 
MINDLIN?®, and MINDLIN, MAson, OSMER AND DERESIEWIC2™, have given an analysis 
of this elastic displacement. Important experimental studies of this have been made by 
JOHNSON (Paper 24). He shows that the deformation of the surface asperities is plastic 
but the overall deformation of the two bodies is determined by the stresses in the elastic 
hinterland. 

EISNER AND COURTNEY-PRatTT found that the presence of a lubricant on the metal 
surfaces did not affect the deformation process for tangential forces less than those 
required to cause slip. The lubricant acts by weakening the surface interaction, so that 
slip occurs for smaller values of the tangential force, but before this stage is reached 
the points for lubricated and unlubricated metals lie on the same curve. They also stud- 
ied the effect of oxide films and showed that the very small tangential displacement 
had a large effect in assisting the break up of the film. 

Professor SHCHEDROV considers theoretically the minute displacements which occur 
when a horizontal force is first applied to bodies resting on one another. The material 
is assumed to be a visco-elastic solid and by treating it as a Maxwell element the dis- 
placement is calculated in terms of the rheological properties of the material. Apart 
from its value as an analytical approach this paper brings out clearly the importance 
of the history of events in the surface contacts immediately preceding the measure- 
ment of the “‘initial’’ displacement. The author attributes contradictory results in the 
literature largely to unrecorded displacements that may have occurred before the 
measurements were made. This point is, of course, fully substantiated by the results of 
EISNER AND CouRTNEY-PRATT, described above. It may, however, be noted in their 
work that although for all the metals examined there were time-dependent effects, 
these were only important at room temperature for low melting metals, such as tin 
and indium. For ordinary engineering metals the detailed behaviour is reasonably well 
explained in terms of the plastic deformation of metals under combined stresses. With 
non-metals, however, and with metals at high temperatures it is possible that the visco- 
elastic treatment by Professor SHCHEDROV may have very direct application. 
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MODEL JUNCTIONS 


Turning from the minute to the gigantic we may next consider the large-scale model 
experiments described by GREENWOOD AND TABOR (Paper 92). As we have seen, a 
difficulty in interpreting the behaviour at the interface is that plastic flow is occurring 
under the combined effect of all the stresses present, so that the force required to shear 
the junction (which is under a heavy normal load) will be different from that observed 
when it is absent. Important new ideas on this have been introduced by GREEN”. He 
emphasizes the point that during steady sliding the bodies move parallel to each other 
without approaching closer. GREENWOOD AND TABOR have set up large-scale model 
experiments which simulate these sliding conditions. They use soft and hard metals 
(both unlubricated and lubricated) and also a photoelastic material so that the distri- 
bution of stress can be determined. The experiments show that if there is strong adhes- 
ion between the metals the force required to shear the junctions is in agreement with 
the simple theory. However, the relation between area of contact and applied load is 
not simple and depends both on the shape of the contact region and on the elastic 
deformation of the region round the plastic zone. They conclude that the coefficient of 
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Fig. 2. Deformation of symmetrical aluminium junction. The sequence of events is in order a, b, c, 
d, e, f. As shearing takes place, a work-hardened knot of metal is formed and the two portions of 


the junction roll over it. 


friction « between strongly-adhering metals should be at least 3 and may be much 
greater. The lower values observed with metals in air are attributed to oxide or other 
contaminants. They make the interesting observation that if the surfaces are well 
lubricated an appreciable part of the resistance to sliding may be due to plastic defor- 
mation of the surface asperities. These model experiments also throw light on the 
mechanism of wear. For work-hardened metals shearing occurs across a very narrow 
plane and there is less likelihood of fragments becoming detached, but with annealed 
metals a small “‘knot”’ of metal is rolled between the sheared regions. It remains adher- 
ent to one of the surfaces but is likely to be removed in subsequent encounters. 


CALCULATION AND MEASUREMENTS OF FRICTIONAL FORCES 
In the discussion so far the importance of the adhesion in the regions of contact has 
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been stressed ; other factors, such as the interlocking of the surface asperities, may be 
significant. In a valuable paper on the elementary laws of friction KRAGHELSKY AND 
SABELNIKOV (Paper 7) follow the general idea that friction arises from two main fac- 
tors: the force necessary to overcome adhesion at the points of real contact and the 
force required to deform the interlocking asperities. Both of these terms are considered 
to be pressure-dependent and the experimental part of the paper is concerned witha 
study of the way in which the shear force per unit area of contact varies with the actual 
pressures existing at the points of real contact. In order to examine this it is necessary 
to determine the true area of contact. This is carried out by using flat transparent sur- 
faces and shining a beam of light through the interface. Light reaches the observer's 
eye (or a photocell) only at those regions where there is true contact between the sur- 
faces. For surfaces containing roughnesses of the order of 50 yw this is considered to give 
the area of true contact to an accuracy within a small percentage. The results show that 
in fact the specific surface traction does increase with the specific pressure at the points 
of real contact for materials such as Plexiglas (perspex) and silver chloride. The effects, 
however, seem rather large compared with those observed in some recent work in our 
laboratory on the friction of plastics over a very wide range of loads (PASCOE AND 
TABOR??), 

One curious observation is the way in which the true area of contact increases with 
load W. For Plexiglas it increases roughly as W®-8, for silver chloride as W1-5. As 
ARCHARD? has pointed out, it is very difficult to envisage any deformation process 
which will give an index of W outside the range of 0.67 to I. 

In a second paper on the calculation of friction forces KRAGHELSKY (Paper 75) again 
assumes that friction arises from adhesion and deformation at the points of real contact. 
In particular he emphasizes the fact that surfaces are themselves rough, or that the 
application of load itself produces roughening so that contact always occurs at a num- 
ber of discrete points. Using the assumption that the specific shear strength at the 
interface is dependent on the applied pressure, the author deduces a number of theoret- 
ical relations between the friction and the load for various geometric models (spheres, 
cylinders, cones) and for elastic and plastic solids. Experimental measurements support 
these relations. The author points out the danger, however, of applying such concepts 
without detailed knowledge of the way in which the surfaces are deformed, grooved, 
torn or ruptured during sliding. 


STICK-SLIP MOTION 


If the sliding system possesses any degree of elastic freedom the sliding may not be 
continuous but,may proceed intermittently. An important factor here is that the 
kinetic friction should be less than the static friction. Since the friction velocity curve 
for many solids is a falling one, it may be expected that intermittent motion will be of 
frequent occurrence in practice and in 1938 the name “stick-slip” (F. P. BowDEN AND 
L. LEBEN, 1938, 1939) was applied to this process. We are fortunate in having an inter- 
esting theoretical paper by DERYAGUIN, PUSH AND ToLsTo1 (Paper 13). This provides 
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a very full and detailed analysis of the factors which determine the occurrence of inter- 
mittent motion between sliding surfaces. It is particularly valuable in summarizing, on 
the basis of the theoretical analysis, the physical modifications by which such stick-slip 
motion may be reduced or entirely eliminated. Experimental and theoretical studies of 
intermittent motion and on its reduction have also been made recently by E. RABINO- 
WICZ. 

It is commonly recognized that the friction of metals decreases with increasing slid- 
ing speed and in this connection mention should be made of the enormous reduction 
observed by FreEITAG (Paper 44) at very high speeds (described in another section), 
He has shown that the coefficient of metallic friction may be reduced from 
(4 = about 5 at low speeds to 4 = about 0.2 to 0.1 when the rubbing speed is 
800 m/sec. This is due to a high temperature softening and melting of the surface layer. 
At these very high speeds with certain metals there is no time for the contact regions 
to be plastically deformed. They behave in a brittle fashion and surface disintegration 
occurs. It is clear that the physics of friction and of wear may be quite different at very 
high speeds. 


STATISTICAL TREATMENT OF FRICTIONAL PROBLEMS 


As our physical picture of the sliding process becomes more clear it should, of course, 
be possible to make the quantitative and mathematical treatment more complete. 
Professor RIGHTMIRE (Paper 51) describes an interesting attempt to take the various 
quantities occurring in the formulation of the theory of statistical mechanics and give 
them an interpretation in friction. In statistical mechanics there are a set of energy 
levels which can be occupied in a number of different ways, subject to two restrictions 
such as the total number of particles and the total energy remaining constant. Assum- 
ing that each way of occupying each level is equally possible, one can derive the most 
probable way of occupying the levels, that is, the distribution of the available energy 
among the particles. 

RIGHTMIRE suggests that the particles above may be replaced by contact areas, and 
the two restrictions taken as, say, the number of contacts and the total area both 
remaining constant. An energy level in this case is interpreted as a contact of a partic- 
ular area. Naturally with these assumptions the distribution of the sizes of contact 
areas is found to be that of Boltzmann. This distribution is compared to an experimen- 
tal distribution of sizes of contacts published by KERRIDGE AND LANCASTER. The 
analysis is applied also to the distribution of sizes of wear and transfer particles, and 
the author obtains from his general treatment an equation he had previously obtained 
by a detailed analysis of the transfer and wear mechanism. 

A statistical examination of size effects in sliding is described by Rasrnowicz (Paper 
36). He points out that since the variability of the friction records is due to the variabil- 
ity of the number and size of the friction junctions, then in principle the number and 
size may be estimated from the friction records. This may be done by comparing the 
frictions observed at successive instants : it may be expected that there will be a correla- 
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tion between friction values overa distance equal to the length of a friction junction and 
that this correlation will fall to zero at larger distances. A function Rp, the auto-corre- 
lation function, is introduced and its experimental value is compared with the values 
found by computation for assumed junction sizes and deformation laws. The Japanese 
have also done some work in this field. Professor Sopa of the University of Tokyo has 
made repeated measurements of the static friction under apparently identical condi- 
tions and analysed the results. He finds both for lubricated and unlubricated surfaces 
that successive values tend to persist and concludes that the previous history of the 
surface is important. He also attempts to correlate the frictional fluctuations with the 
variable points of contact. 


FRICTION AND METAL TRANSFER 


GRUNBERG AND CAMPBELL (Paper 65) describe simultaneous measurements of fric- 
tion and metallic transfer and find a correlation between the two. The results are inter- 
preted in terms of the adhesion and junction work-hardening model and an attempt is 
made using this model to estimate the relative contribution to the friction of metallic 
shearing and lubricant-shearing components. At high sliding speeds the lubricant- 
shearing term is considered to be all important. SPURR AND NEWCoMB (Paper 28) make 
somewhat analogous experiments using very rough unlubricated surfaces. Sliders of 
different metals and non-metals are rubbed against files, emery paper and abraded 
silver. In all instances the wear rate was proportional to the load. For sliding on files 
the wear rate was proportional to the tangent of the angle of inclination of the teeth, 
and inversely to the elastic modulus of the material. The friction had both sliding and 
ploughing components. For sliding on abraded surfaces, the wear rate was proportional 
to the surface roughness and inversely proportional to a power of the elastic modulus. 
For sliding on emery paper the wear rate was proportional to the average diameter of 
the emery particles and inversely to the elastic modulus. Again, the friction had sliding 
and ploughing components. It is considered that files have a machining action, whereas 
with emery paper there is elastic and plastic deformation of the metal followed by 
elastic recovery. 

The actual frictional behaviour of metals is, of course, dominated by the presence of 
oxide films on the surface. If these or other contaminant films are removed, very high 
friction and seizure will occur. WHITEHEAD?’ and WILsoNn?28 have shown that the 
ability of different oxides to protect the underlying surface depends in a large measure 
on the relative mechanical properties of the oxide and the metal. WRIGHT AND SCOTT 
(Paper 60) show how a thick layer of aluminium oxide may protect the surface, and 
describe the mechanism by which it may be deformed and ruptured. 


FRICTION OF NON-METALS 


We now come to a paper dealing with the friction of a non-metal, an expensive non- 
metal, diamond. This is an interesting solid because one would expect that the deforma- 
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tion of the contact regions will no longer be plastic, as with a metal, but will be essen- 
tially elastic. The area of contact A will no longer be proportional to the load W , but 
to IW’*/s. The coefficient of friction will no longer be constant but should follow approxi- 
mately a law of the type w = kw~'/s (Fig. 3). Experiments (BowDEN AND Younc®) 
show that this is so. In a very interesting paper SEAL (Paper 12) shows that the friction 
of diamond depends on the crystallographic orientation of the direction of sliding. The 
fourfold symmetry of the cube face is reflected in a fourfold symmetry of the friction. 
The reason for this is not certain but it offers an explanation of the anisotropy of 
diamond wear. The directions of high friction are those of high wear and there is 
evidence that this is due to the development of local high temperatures which lead to 
a carbonization of the diamond. Similar conclusions are reached by Scorrt in his paper 
on the wear of diamond on glass (Paper 10). 
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Fig. 3. The friction of diamond surfaces. Fig. 4. Rolling and sliding of steel spheres on 
A: after outgassing im vacuo at ca. 1000°C well-lubricated rubber. o rolling; @ sliding; 
B: after admitting dry air or oxygen —-theory, hysteresis losses. With well-lubric- 
C: after admitting a normal atmosphere in- ated rubber, the sliding friction and the rolling 
cluding vapours, etc. friction are the same. Both are due to internal 
Note that Amontons’ law does not hold. elastic hysteresis loss. At heavy loads lubri- 
B= kw-'ls cant film breaks down and friction rises be- 


cause of shearing term. 


The importance of elastic deformation in friction is demonstrated by TABor’s work. 
He has shown that the volling friction of a free moving ball on metal or on rubber is 
due primarily to elastic hysteresis loss inside the solid. The theoretical calculations show 
that the rolling friction should be proportional to W*/s, and experiments with rubber 
are in good agreement with the theory. Recently he has extended this work to the sliding 
of solids on rubber. When a spherical indenter is pressed into rubber a certain amount 
of elastic work is performed. As the indenter moves forward elastic work is done in 
deforming the rubber in front of the indenter whilst elastic work is recovered from the 
rear. Since rubber shows a finite elastic hysteresis, energy is lost and in rolling this is 
the primary source of the frictional work. In sliding this is additional to any shearing 


work involved. 
Taxor’s experiments show that if the rubber is well lubricated, so that the shearing 
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term is small, the sliding friction is essentially the same as the rolling friction and agrees 
well with the calculated values of the elastic hysteresis loss inside the rubber (Fig. 4). 
The friction is therefore governed by the elastic properties of the rubber; if it has a low 
Young’s modulus and a high elastic hysteresis, it will give a high sliding friction. If the 
rubber is unlubricated, or if sliders are used which penetrate the lubricant film, an 
additional shearing term is necessary because of the adhesion at the interface between 
the metal and the rubber. This term may be very large. 
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Us(1 in. ball) 
Ha=Hs— Hell in.and yy in. ball) 
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(moisture content 67 %o) 


Hg (1 in. ball) 
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Fig. 5. Sliding friction of wood, ws, can be resolved into two components, friction due to elastic 
hysteresis loss in deforming the wood, juz (this is the same as rolling friction), and friction due to 
adhesion between the surfaces, 4 . 4.4 follows the same laws as the friction of metals and is probably 
due to hydrogen bonding between the surfaces. 


Important experiments on the friction of wood have been made by Dr. D. ATACK. 
The results have not yet been prepared for publication but brief mention should be 
made of some of them here. Wood is a complex biological material, having a highly 
porous gel structure and exhibiting extensive physical and chemical heterogeneity. 
Nevertheless, extensive experiments on a wide range of woods show that the frictional 
resistance to sliding is a simple combination of a deformation and an adhesion term 
(Fig. 5). The rolling resistance to a metal ball on wood is due almost entirely to elastic 
hysteresis loss inside the wood. If the ball is slid there is an additional term due to 
adhesion at the interface and the sliding friction is given by 


sliding = w rolling + adhesion 


Evidence from similar studies on wood and paper indicate that the adhesion is due to 
hydrogen bonding between the unbonded hydroxy] groups in the cellulose and the oxide 
layer on the steel surface. The deformation term may be calculated approximately 
from the bulk properties of the wood and the results are in good agreement with the 
theory. Again, only a crude overall picture is being presented but it is interesting that 
such complex materials can yield, even in such an approximate way, to such a simple 
physical treatment. The general similarity between the behaviour of diamond, rubber 
and of wood is apparent: the frictional behaviour can be dominated by the elastic 
properties, With metals it is usually the plastic behaviour which is dominant. With 
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all solids, however, metallic or non-metallic, both elastic and plastic deformation can 
occur. If the interfacial adhesion is strong, it is the relative preponderance of one or 
the other which controls the behaviour. For this reason a detailed understanding of the 


way in which the contact regions are formed and deformed is clearly of primary im- 
portance. 


EXAMINATION OF THE MOLECULAR ARRAY IN A LOW-FRICTION SOLID 


Finally, there is one new field of work which is not touched in these papers but which 
should be mentioned because it is of the first importance, and may help to give a clearer 
insight into the mechanism of deformation and shearing, both at the interface and in 
the bulk solid. That is the application of electron microscopy to the resolution of the 
molecular array and disarray in a solid lattice. The resolution in electron microscopes 


Fig. 6a. Direct observation of molecular array in a crystal. The spacing between the lines is 12 A. 
A platinum phthalocyanine crystal showing perfect structure. Planes magn. * 1,500,000. 


e b 


Fig. 6b. Single dislocation in the crystal. Magn. x 1,500,000, 
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now available is perhaps rather better than ro A. Since the atomic spacing in most 
solids is only a few A one cannot expect to resolve the lattice. By taking a large molecule 
where the spacing in the crystal is sufficiently wide, one might hope to “‘see’’ the mole- 
cular arrangements directly in the microscope. Dr. MENTER?$ has recently tried this 
experiment at the Tube Investments Research Laboratories, Cambridge, where he is 
now working, and has examined crystals of copper and of platinum phthalocyanines. 
These are large flat molecules consisting primarily of carbon and nitrogen with the 
metal atom in the centre. The spacing of these in the appropriate crystallographic 
planes is approximately 12 A, so that they should be resolvable in the electron micros- 
cope (Fig. 6). Experiment shows that this is so and the regular molecular array in the 
crystal can be seen with great clarity. The dislocations and imperfections can also be 
observed. The resolution, though extremely high, is, of course, still defeated by the 
lattice of a metal, where the spacing is only 2 or 3 A. By the use of an ingenious method, 
however, these difficulties can be overcome. PASHLEY, MENTER AND BASETT?? have 
grown a thin film of one metal on another, say gold on palladium, to form a thin metal 
sandwich. The crystal spacing of the two metals in the sandwich is different and this 
gives rise to a moiré pattern which reveals very clearly the dislocations in the metals. 
The movement of these dislocations can be observed. 


Fig. 7. Moiré pattern obtained by superposition of thin gold and palladium single-crystal films in 
parallel orientation. Magn. x 500,000. Dislocations are apparent. 


In the reviewer’s laboratory interest is taken in low-friction solids and Dr. Goop- 
MAN" has studied crystals of boron nitride, Boron nitride, which is a lamellar solid 
gives rise to beautiful moiré fringes so that the molecular array and the dislocataane 
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and imperfections in this array can be observed in detail. Since the plastic deformation 
and shearing of the solid is governed by imperfections and dislocations, a position has 
been reached where one may hope to gain a really detailed knowledge of the process. 
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Fig. 8. Moiré pattern from boron nitride. Imperfections in the crystal may be seen. 
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Brief Notes 


STUDIES IN PITTING: THE CONE/THREE-BALL MACHINE 


A. A. MILNE AND D. SCOTT 


Lubrication and Wear Division, Mechanical Engineering Research Laboratory, Department of Scien- 
tific and Industrial Research, Thorntonhall, Glasgow (Scotland) 


BARWELL! has described a simple modification of the well-known four-ball machine 
that enables it to be used for the study of the pitting failure of balls in rolling contact. 
The machine, thus modified, has been shown to be very useful for studying the effects 
of lubricants on pitting both at room and at elevated temperatures?“. It is the purpose 
of the present note to point out briefly that with a simple further modification the pit- 
ting life of different surface materials may also be studied. If these materials are not 
available in ball form then the upper ball may be replaced by a conical specimen; the 
kinematic system remains essentially unaltered, while the simple form of the specimen 
allows it to be readily prepared from small quantities of material. 

As modified for the present purpose the cone/three-ball machine consists essentially 
(Fig. 1) of the coned specimen ‘‘A”’ held in the vertical spindle ‘‘B”’ and pressed against 


Fig. 1. The four-ball machine modified to give a cone/three-ball system. 
A. Conical specimen. 
B. Driving spindle. 
C. Three balls in an angular contact outer race. 
D. Loading ram. 
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three balls rolling freely in the outer race ‘‘C’’. The load is applied to the race holder 
in the conventional manner by a lever system acting on the ram ‘‘D”’, the thrust reaction 
being taken by the spindle bearings. The race and holder together comprise a bath for 
the lubricant. The running speed of the machine used is normally 1575 rev/min. 

Asan illustration of the use of the cone/three-ball system to compare materials, the 
results from a short series of tests on specimens of four different steels running against 
commercial EN. 31 steel balls are given below; the lubricant was an aircraft mineral 
oil and the axial load 360 kg. Steels A and B were conventional ball-bearing steels, the 
former known to have the better fatigue properties, whilst steels C and D were tool 
steels from different sources. 


Steel A B Cc D 
Mean life (minutes) 54 54 39 32 
Standard deviation (minutes) 7.9 16.5 11.9 16.5 
Number of tests 7 | 7 6 


It may be noted that the repeatability of results is good in comparison with the usual 
scatter of results in life tests on bearings; the standard deviation in the tests on steel A 
is about the same as that obtained with conventional ball specimens under conditions 
giving a similar mean life. The differences between the mean lives of the tool steel 
and ball-bearing steel samples and the difference between the standard deviation of 
the two ball-bearing steel samples are consistent with what is known of the differences 
in fatigue behaviour of these steels ; a larger number of tests would be required in order 
to study these differences in greater detail. 

It may be concluded that the four-ball machine modified to provide a cone/three-ball 
system shows promise as a useful tool for studying in a preliminary manner the relative 
pitting lives of various materials and the influence of various metallurgical and surface 
factors as well as of lubricants; it is subject to the same limitations as the modified 
four-ball system described previously”, but the relatively simple form of test specimen 
offers many experimental conveniences. 
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Letter to the Editor 


TLL re 
Sir, 


A certain similarity between a hydrodynamic lubricating film and the boundary 
layer in aerodynamics has recently been pointed out by Coe!. An interesting corollary 
is to be found in the application of boundary layer theory to the solution of the hydro- 
dynamic problem when inertia effects are under consideration. If von Karman’s 
approach? is applied to a thin lubricant film and the forces acting on a short length 
of the film are equated to the rate of change of momentum of the fluid passing through 
the region the following expresssion is directly obtained: 


dp ‘ou Ou d [(h 
Pile & alee Feil (ses =e We 
dz : (39) y=o “3 (35) y=h a lia oI 


This expression is, in effect, von Karman’s equation modified to allow for the presence 
of a second solid boundary, at y = /, moving tangentially to itself. An exact solution 
of this equation appears to depend upon a knowledge of the velocity profile in the fluid. 
If inertia effects are small relative to viscous effects then a first approximation may 
be made by assuming that the shape of the velocity profile does not depart appreciably 
from the parabolic form occurring in the purely viscous case. The three constants of 
the parabola are readily determined from the two boundary conditions y = 0, wu = U,; 
y = h, u = U, and the continuity equation /” uv dy = Q. Evaluating these constants 
and substituting for uw in equation (I) gives the following expression for the pressure 
gradient: 


dp : 6(U, + U,) 12 4 o|2 (U, + U,)* — 6Q?| dh (2) 
dx he ne 


Bi cee ee 

It is interesting to note that this expression is essentially similar to that obtained 
by SLEZKIN AND TARG? using a quite different approach to the problem; averaging the 
inertia effect across the film as suggested by them is the equivalent of assuming a 
parabolic velocity profile. 

When inertia effects in a lubricant film are not small compared with viscous effects 
the above approximation no longer holds. In such cases, which include the unsteady 
and turbulent conditions now attracting increasing attention, it seems probable that 
the extensive developments of boundary layer theory may assist in giving guidance 
in this relatively unexplored field in the theory of hydrodynamic lubrication. 


Lubrication and W ear Division, Mechanical Engineering Research Laboratory, Department 


of Scientific & Industrial Research, Thorntonhall, Glasgow (Scotland) 
A, A. MILNE 
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Literature and Current Events 


The purpose of the following sections is to build up gradually an information centre on the various 
aspects of wear. Contributions in English are invited. All items of these 6 sections will be finally 
included in a separate ‘‘Volume-Index of Literature and Current Events”: ; 

1. Systematic Abstracts on current literature for 1957 prepared by Battelle Memorial Institute are 
completed in this issue. Systematic abstracts covering the years 1954—1956 will also be 


published in Volume r. 


2. A selected number of Authors’ Abstracts (in English), giving more detailed information than 
the ‘‘Systematic Abstracts’’, will be accepted for publication. ; 
3. Bibliographies on work in specialized fields or on work in languages other than those of this 


Journal, will also be published. 


4. Recent Events should assist readers in following progress reported in lectures and in finding 
the names and addresses of specialists and technical groups or societies interested in the various 


aspects of friction, lubrication and wear. 


5. Forthcoming Events will give notice of conferences, meetings, or discussion panels of interest 


toreadersof WEAR. 


6. Notes on Contributors should facilitate personal contacts between workers interested in wear 


problems. 


Systematic Abstracts of Current Literature 


Prepared by Battelle Memorial Institute, Columbus, Ohio, U.S.A. 


Reprinted from Battelle Technical Review 


Nov.-Dec. 1957 


For introductory note see this volume p. 254. (Ed.) 


I. FRICTION 


1.1. General and Fundamentals 


Rohr- und Blendendurchfluss plastischer 
Korper am Beispiel von Ton. 

Flow of Plastic Bodies Through Tubes and 
Orifices Considering Clay as an Example. 

H. J. Berghaus. Forschung auf dem Gebiete des 
Ingenieurwesens, v.23, Ausgabe B, no. 4, 1957, 
p. 135-148. 

A new relation for the condition of wall ad- 
herence and a novel method of evaluation 
were derived. Method furnishes the slip velo- 
city against the tube wall as well as the 
rheological flow behavior in the interior of 
the medium without introducing hypotheses. 


Contribution a l’étude de la convection for- 
cée de la chaleur sur des parois rugueuses. 
A Contribution to the Study of Forced Ther- 
mal Convection on Rough Walls. 

Giovanni Brunello. Publications Scientifiques 
et Techniques du Ministére de I’ Air, 1957, 
no. 332, 75 pp. (L502 F84.1p Vis.) 

A study, by the classical method, of convection 
on heated rough cylinders normally exposed 
to an air flow. Shows a new method measuring 
the heat exchange between a wallanda moving 
fluid and considers thermal convection and 
friction on plane rough plates. 


Pressure-Temperature Relation for Constant- 
Area Compressible Flow of a Gas, Consider- 
ing Heat Transfer and Friction With Con- 
stant Wall Temperatures. 

Franklin P. Durham. Los Alamos Scientific 
Laboratory (U.S. Atomic Energy Commission), 
LA-2129, July 1957, 81 pp. (UF767 U3La 
Contin.) 

The relation is independent of flow length and 
the absolute value of either the friction or heat 
transfer coefficients. The results of a machine 
computation are presented in a series of graphs 
that are useful for rapid estimation of pressure 
drop in terms of temperature rise and inlet 
flow conditions. 


Friction as Resistance to Shear of Thin 
Surface Layers of Solids. (in Russian) 

G, I. Edifanov. Doklady Akademii Nauk SSSR, 
v. II14, no. 4, June I, 1957, p. 764-767. 
Study of friction of pure metal surfaces. 


Le probléme de l’échauffement cinétique. 
The Problem of Kinetic Heating. 

G. Lehr. DOCA ERO ; Revue Documentaire de 
la Technique Aéronautique Mondiale, 19 57, no. 
45, July, Pp. 3-20. 

Basis for the calculation of kinetic heating. 
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Flat-plate. Turbulent flow. Recuperation, 
friction, and Reynolds analogy coefficients. 
Boundary layer control and transition. Appli- 
cation to intercontinental airplanes. 


Influence of the Coefficient of Friction on 
the Magnitude of the Spread During Rolling 
Wedge-Like Specimens. (in Polish) 

Waclaw Leskiewicz and Stefan Kwiatkowski. 
Archiwum Hutnictwa, v. 2, no. 2, 1957, p. 167- 
182. 


1.2. Materials (no abstracts) 

1.3. Machine Parts and Machinery 

Effect of Pipe Roughness on Fluid Meter 
Discharge Coefficient. 

Stanley Abramovitz. Power, v. tor, Aug. 1957, 
P: 75°-77- : 

Tests showed a significant increase in dis- 
charge coefficient caused by pipe roughness. 
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Friction of Steel Slabs on a Roller Table 
Under Varying Physical Conditions. 

S. K. Dean and M. A. Kilburn. Institution of 
Mechanical Engineers, Proceedings, v. 169, 
no. 54, 1955, p. 1081-1089. 


Friction in Pipes—A Wide-Range Nomo- 
graph. 

Reagan Houston. Product Engineering, v. 28, 
Aug. 1957, p. 191-193. 


Load Distribution on Helical Gear Teeth I. 
M. D. Trbojevic. Engineer, v. 204, Aug. 9, 
1957, p. 187-190. 

Load distribution along lines of contact for 
various positions of the contact lines and for 
various helix angles. A method for determining 
partial loads acting on teeth simultaneously 
in contact. Conditions for most convenient 
load distribution. Position of least favorably 
loaded contact line. (To be concluded.) 


2. LUBRICATION AND LUBRICANTS 


2.1. General and Fundamentals 


Functional Testing of Cold Reduction Lu- 
bricants. 

J. F. Griffin. Journal of Metals, v.9, Aug. 1957, 
Pp. 1042-1043. 

The use of the torque test to evaluate the 
frictional properties of rolling oils under ex- 
treme pressures at speeds approaching zero. 


Effect of Physico-Chemical Properties of 
Lubricating Oils on Energy Loss in a Gear 
Transmission. (in Russian) 

K. I. Klimoy and A. V. Vilenkin. Khimiia i 
Teknologiuia Topliva, 1 Masel, 1957, no. 7, July, 
Pp. 39-42. 

Losses do not depend on the chemical com- 
position or the method of manufacturing the 
oil, but on the viscosity at a given tempera- 
ture. Energy losses are determined from vis- 
cosity resistance. To keep losses low it is re- 
commended that oils with low viscosity, and 
increasing only slowly with decreasing tem- 
perature be used. 


Theory of a Cylinder Rolling on a Plate Co- 
vered With Visco-Plastic Lubricant. (in Rus- 
sian) 

L. I. Kotova. Zhurnal Tekhnicheskoi Fiziki, 
v. 27, no. 7, July 1957, p. 1540-1557. 
Integration of the Shvedov Bingham equation 
applied to the case of a cylinder rolling on a 
plate covered with visco-plastic lubricant. A 
differential equation for the hydrodynamic 
pressure is obtained. 


2.2. Materials 

Radiation-Resistant Greases. 

J. G. Carroll, R. O. Bolt, and B. W. Hotten. 
Lubrication Engineering, v. 13, Mar. 1957, p. 
136-140. 

Radiation altered consistency. Most greases 
softened initially but eventually became solid. 


Bearing life was reduced by 40 to 90% and 
oxidation resistance was also severely im- 
paired. Greases made from alkylaromatic 
fluids and selected gelling agents gave ex- 
cellent results in standard tests and showed 
superior radiation resistance after 32 x ro8r. 


Some Effects of Gamma Radiation on Com- 
mercial Lubricants. 

J. G. Carroll and S. R. Calish, Jr. Lubrication 
Engineering, v. 13, July 1957, p. 388-392. 
Several commercial oils and greases can be 
used in the presence of y radiation for dosages 
of at least ro8r. In general, the end effect of 
radiation on lubricants is similar to severe 
oxidation. Wear properties and load carrying 
capacity of certain oils are enhanced. 


Grease Lubrication of Rolling Bearings. 

J. H. Harris. Metalworking Production, v. 101, 
July 5, 1957, p. 1157-1161. 

New development based on Li 12-hydroxy- 
stearate. Advantages are outstanding mechan- 
ical stability, wide temperature range, long 
shelf-life, and resistance to drying-out and 
hardening in service. 


The Effects of Nuclear Radiation on Lubri- 
cants. 

J. A. King and W. L. R. Rice. Lubrication 
Engineering, v. 13, May 1957, p. 279-283. 
Effects of y radiation on petroleum and syn- 
thetic-base hydraulic fluids, lubricants, and 
engine oils. Many of the materials tested ap- 
pear satisfactory for use after exposure to I Xx 
108 roentgens of y radiation. 


Bearing Characteristics of Nickel-Base Al- 


loys. 
R. K. Kozlik. Machine Design, v. 29, Aug. 22, 


1957, P- 139 + 2 pages. at. 
A presentation of data on the characteristics. 


of various alloys. 


iS) 


Silicone Lubricants for the Steel Industry. 
W. H. Ragborg and W. H. Badger. Ivon and 
Steel Engineer, v. 34, Sept. 1957, p. 105-108. 
Chief uses are in applications where high heat 
stability is required, where changes in vis- 
cosity must be kept at a minimum through 
a temperature range, and where chemical in- 
ertness and chemical incompatibility are 
needed. 


2.3. Processing Lubricants 

Standards and Classification of Lubricants 
for Steel Mills. 

J. D. Lykins. [von and Steel Engineer, v. 34, 
Sept. 1957, p. 101-104. 

Standardization of lubricants and lubricant 
equipment has resulted in cost savings, re- 
duced storage space, reduced deterioration of 
stock, and simplified training of the men. 


2.4. Bearings 

The Fluid Dynamic Theory of Gas-Lubri- 
cated Bearings. 

J. S. Ausman. ASME, Transactions, v. 79, 
Aug. 1957, p. 1218-1224. 

A perturbation solution of Harrison’s gas 
bearing equation is proposed and carried out 
for the special case of an infinitely wide, self- 
lubricating journal bearing. 


Schmierung und Gestaltung von Gleitlagern. 
I. Entwicklungslinie und Grundsatze der 
Gleitlagertechnik. 

Lubrication and Design of Sleeve Bearings. 
Development and Principles of Sleeve Bearing 
Engineering. 

Karl Droste. Stahl und Eisen, v. 77, Aug. 22, 
1957, P. 1135-1145. 

Technical review. Pressures in the slide space 
and feed of the lubricant. 


Linear Ball Bushings. 

Howard R. Havemeyer. Machine Design, v. 
29, Aug. 22, 1957, p. 120-127. 

Ball bushings have several advantages over 
plain sliding bearings. Friction is extremely 
low, binding and chatter is eliminated, and 
a high degree of precision can be attained. The 
substitution of rolling for sliding friction mini- 
mizes the need for lubrication and solves many 
of the lubrication problems usually associated 
with sliding bearings. 


Heat Transfer Effects in Hydrostatic Thrust- 
Bearing Lubrication. 

W. F. Hughes and J. F. Osterle. ASME, 
Transactions, v. 79, Aug. 1957, p. 1225-1228. 
A simplified model was constucted for inter- 
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mediate situations in which heat transfer 
occurs in the lubricant and bearings; bearing 
performance was essentially isothermal at an 
elevated temperature. 


Predominant-Peak Surface Roughness, a 
Criterion for Minimum Hydrodynamic Oil- 
Film Thickness of Short Journal Bearings. 
L. F. Kreisle. ASME, Transactions, v. 79, 
Aug. 1957, Pp- 1235-1241. 

The transition from full hydrodynamic-film 
lubrication to marginal lubrication appears to 
occur when the minimum oil-film thickness 
equals the sum of the predominant-peak sur- 
face roughnesses of the bearing and journal 
measured in the circumferential direction after 
run-in of the bearing and journal pair. 


Luftgelagerte Bauelemente im Feingerate- 
bau. 

Mounting Fine Instrument Parts in Air. 

R. Lehmann, A. Wiemer and H. Endert. Fezn- 
gerdtetechnik, v. 6, July 1957, p. 291-298. 
Basic principles as well as these initial ex- 
periments indicate that mounting and lubri- 
cating fine instrument parts in air has many 
advantages not found in conventional oil or 
roller mountings. 


Properties of Integral Seal Ball Bearings and 
Their Use by the Engineer. 

Michael T. Monich and Carter T. Bragdon. 
General Motors Engineering Journal, v. 4, July- 
Sept. 1957, p. 8-15. 

Design simplification and absence of mainten- 
ance requirements are the prime advantages 
of sealed bearings. Several types of bearings 
and lubricants are discussed. 


Oil Fog Lubrication of High Speed Ball Bear- 
ing. 

Tokio Sasaki, Haruo Mori, and Toshio Te- 
shima. Kyoto University, Memoirs of the Fa- 
culty of Engineering, v. 19, no. 2, Apr. 1957, 
p. 123-134. 

The influences of oil and air consumption, vis- 
cosity and additive of oil, preload, and rotat- 
ing speed were investigated. 


Testing Dynamically Loaded Bearings. I. A 
Short History of Bearing Test Machines. II. 
A Diesel-Engine Bearing Test Machine. 

R. B. Snapp and M. D. Hersey. ASME, Trans- 
actions, v. 79, Aug. 1957, p. 1247-1266. 

Test machine consisting of a motor-driven 
modification of acommercially available diesel 
engine is described; developed primarily for 
endurance testing of engine-bearing materials 
and design. 


3. DEFORMATION AND FRactTuRE (no abstracts) 


4. WEAR 


4.1. General and Fundamentals 


Corrosion and Wear Handbook for Water- 


Cooled Reactors. 


D; J. DePaul, editor. 293, pp..1957.150nS: 
Atomic Energy Commission. (QC786 Un3.1¢) 
Background information for engineers and 
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scientists who are encountering for the first 
time the problems associated with the use of 
high purity, high temperature water as a 
reactor coolant. Tabulated data and detailed 
information for use as reference material for 
actual design work. Special types of corrosion 
and application problems involving wear. 
Events at a Scratch-Line. 

U. R. Evans. Institute of Metal Finishing, 
Bulletin,v. 7, Summer 1957, p. 139-166. 
Statistical experiments have shown that the 
probability of corrosion at a scratch-line wet- 
ted with a liquid standing on the border-line 
between the corrosive and the passivating 
classes decreases steadily with the period of 
air-exposure before wetting; corrosion at one 
scratch-line depresses the probability of cor- 
rosion starting at a neighboring scratch-line. 
Statistical Analysis of a Wear Process. 

B. G. Rightmire. ASME, Transactions, v. 79, 
Aug. 1957, Pp. 1242-12406. 

Oxidation of the contacts plays a critical role 
in determining the metal transfer and wear; 
new experiments are suggested and the anti- 
cipated results for two cases discussed. 


4.2. Types of Wear 


Investigation of Resistance of Galvanized and 
Nitrided 38KhMIuA Steel Against Cavita- 
tion Erosion. (in Russian) 

I. N. Bogachev, la. M. Gitel’zon, T. M. Pogre- 
betskaia, and A. A. Iurgenson. Vestnik Mashi- 
nostroeniia, V. 37, NO. 9, Sept. 1957, p. 24-26. 
Effect of nitriding and galvanizing on the re- 
sistance to cavitation erosion. 


On the Mechanism of Cavitation in Centrif- 
ugal Pumps. (in Russian) 

V. F. Chebaevskii. Teploenergetika, v. 4, no. 9, 
Sept. 1957, p. 12-16. 

Experimental and theoretical studies of ca- 
vitation in the flow part of a series of centrif- 
ugal pumps. 

Acoustic Method of Detection of Cavitation 
on Running Hydro Turbines. (in Russian) 
S. B. Stopskii. Elektricheskie Stantsii, v. 28, 
no. 8, Aug. 1957, p. 15-20. 

Experimental method for determination of 
cavitation and vibration by means of sound 
waves originating in the stream of the hydro- 
turbine. 


4.3. Metals 

Transition Temperature for Surface Damage 
in Sliding Metallic Contact. 

L. F. Coffin, Jr. Lubrication Engineering, v.13, 
July 1957, P. 399-405. 

Effect of both liquid atmosphere and tem- 
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perature on alloying couples, particularly Cu- 
Cu, Cu-Ni, and Ni-Ni under repetitive sliding. 
Effect of speed of sliding, load, kind of fluid, 
and kind of metal on the transition tempera- 
ture. 


4.3.1. Ferrous Metals 


Studies on Ball Bearing Steels. VIII. Be- 
haviour of the Carbide in Ball Bearing Steels 
by Electrolytic Isolation. 

Manabu Ueno and Hirooki Nakajima. Journal 
of Mechanical Laboratory (Japan), v. 3, no. 1, 
1957, P- 33-38. 

The cementic in SKF bearing steels and basic 
electric furnace steels was isolated electrolyt- 
ically. Its behavior on heat treatment was 
investigated, and composition of the matrix 
was calculated. 


4.4. Machine Parts and Machines 


Drilling and Production Practice, 1956. 

527 pp. 1957. American Petroleum Institute, 
New York. (TN862 Am35d) 

Papers deal with bits, drill stems, and casing; 
drilling fluids; fluid injection; surface and 
subsurface equipment; reservoir analysis; 
miscellaneous other topics. 


A Study of Operating Data From Ball Mills 
Operating in Quebec, Ontario, Manitoba, 
and British Columbia. 

L. E. Djingheuzian. Canadian Mining and 
Metallurgical Bulletin, v. 50, Aug. 1957, Pp. 
504-518; Canadian Institute of Mining and 
Metallurgy, Tvansactions, v. 60, 1957, p. 290- 
304. 

For the most efficient performance of a ball 
mill, there must be a definite relationship 
between critical speed and volume occupied 
by the ball charge. Data are tabulated. 


How to Increase Contact Reliability. 

S. T. East. Automatic Control, v. 7, Sept. 1957, 
p. 14 + 4 pages. 

Many factors affect the performance of switch- 
es, contactors and relays in control circuits. 
Results of ananalysis of most apparent sources 
of contact malfunctions are analyzed. 


Neuere Erkenntnisse tiber die Zerkleine- 

rungsvorgange in Bohrléchern. 

New Findings Concerning the Grinding Pro- 

cesses in Boreholes. 

Herbert Liick, Zeitschrift fiir Evzbergbau und 

Metallhiittenwesen, v. 10, Aug. 1957, Pp. 391- 
96. 

Three methods of investigation. Effects of im- 

pact energy and bite angle. Forms and dimen- 

sions of the percussion drill. Prospects. 


5. ANALYSIS AND TESTING 


5.1. Surface Structures 


Measurement of Casting Surface Roughness. 
C. H. Good and C. E. McQuiston. Foundry, v. 
85, Oct. 1957, p. 116-120. 


Suggested definitions for casting finishes and 
several possible means for measuring surface 
roughness. 
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A. Study of the Deformed Layer Produced on 
Metal Surfaces by Mechanical Machining, 
Abrasion and Polishing Operations. 

L. E. Samuels. Electyoplating and Metal Fin- 
ishing, v. 10, Sept. 1957, Pp. 279 + 4 pages. 
Metallographic structures and the depth of the 
deformed surface layers produced in specimens 
of 70 : 30 brass, an austenitic steel, and zinc. 
(To be concluded.) 


The Electron Microscope in the Study of 
Wear. . 

D. Scott and H. M. Scott. Paper from “‘Elec- 
tron Microscopy. Proceedings of the Stock- 
holm Conference, September 1956’. Academic 
Press. 1957. p. 331-333. (QH211 EL25) 
Micrographs show that the electron micro- 
scope can, with the use of a formvar replica 
technique, reveal small scale features of in- 
terest in the study of wear and can yield ex- 
perimental evidence for postulated theories of 
the mechanism of wear. 

Priifen und Messen technischer Oberflachen. 
Testing Problems of Technical Surfaces. 

A. Wiemer and R. Lehmann. Technik, v. 12, 
July 1957, Pp. 477-483. 
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Deviations from the geometrical surface. Re- 
lative value system of a surface section. 
Roughness of the surface according to the type 
of work; boring, polishing, smelting, or rolling. 
Characteristics of the surface quality. 


5.2. Hardness (no abstracts) 


5.3. Tvacer Techniques (no abstracts) 


5.4. Wear Testing and Wear Testers 
Measuring the Abrasiveness of Carbona- 
ceous Deposits. 

Scientific Lubrication, v.9, July 1957, p. 16-17. 
Weight loss of a test piece subjected to an 
oil suspension of carbonaceous deposits is used 
as an index of wear or abrasiveness. 


New Test for Tool Wear in Machining Ther- 
mosets. 

A. P. Landall. Modern Plastics, v. 35, Oct. 
1957, P- 143 + 2 pages. 

Test consists of drilling a series of holes in 
molded samples under constant load and de- 
termining the difference between the times 
required to drill the last and first holes. 


6. WEAR RESISTANCE OF MATERIALS 


6.1. Metals 


White Iron With Molybdenum Has Improv- 
ed Wear Resistance. 

Materials in Design Engineering, v. 46, Aug. 
LOD (seb 4452 45- 

A new iron alloy containing Ni, Cr and Mo is 
said to have better wear resistance properties 
than similar alloys not containing Mo. 


Add Copper to Make Steel Bars More Ma- 
chinable. 

Ivon Age, v. 180, Aug. 22, 1957, p. 112-114. 
Controlled amounts of copper in cold drawn 
steel bars boost machinability and improve 
wear and corrosion resistance. 


Effect of Hardness and Microstructure on 
the Machinability of High-Strength Cast Iron. 
(in Russian) 

N. P. Golubov. Stankii Instrvument, v. 28, no. 7 
July 1957, p. 22. 

The hardness vs. cutting speed and cutter 
durability vs. cutting speed curves are plotted 
logarithmically. 


Einfluss des Gefiiges auf die Zerspannbarkeit 
von Baustahlen. 

Effect of Microstructure on the Machinability 
of Structural Steels. 

W. Knorr. Schweizer Archiv fiir Angewandte 
Wissenschaft und Technik, v. 23, no. 8, Aug. 
1957, Pp. 258-266. 

A study of machinability in low carbon steels, 
case-hardening steels, Mn-Cr steels, Mo-alloy- 
ed carburizing steels, Cr-Ni case-hardening 
steels, and heat-treatable steels; transform- 
ation curves and thermal treatment. 


Effect of Properties of Soft Sheet Steel on 
Durability of Drawing Dies. (in Russian) 

P. G. Kovtun. Vestnik Mashinostroeniia, v. 37, 
no. 8, Aug. 1957, p. 46-47. 

Determination of factors affecting life of draw- 
ing dies. A decrease in C content of the steel 
(caused by decarburizing of the surface of the 
sheets during annealing) and a decrease in the 
size of the ferrite grains resulted in a decrease 
in durability of the dies. 


Effect of Phosphorus Content on Wear- Cha- 
racteristics and Friction of Gray Cast Iron. 
(in Russian) 

A. A. Ol’shevskii and M.M. Kantor. Liteinoe 
Proizvodstvo, no. 7, July 1957, p. 14. 
Investigations resulted in finding optimum 
P-content for various cast iron applications, 
especially in railroad brake shoes. Composi- 
tions and characteristics are given. 


The Physical Properties of Electrodeposited 
Metals. 

T. E. Such. Metallurgia, v. 56, Aug. 1957, 
p. 61-66. 

Tensile strength, ductility, hardness, and in- 
ternal stresses in electrodeposited metals. Des- 
cription of the way in which these metals, and 
articles plated with them, are affected by 
changes in these properties, and methods for 
their determination. (To be continued.) 


6.2. Bearing Materials 

Aluminum Lead Bronze Bearing Metal. (in 
Russian) 

E. F. Merkuloy. Tsvetnye Metally, v. 30, June 
1957, Pp. 67-69. 
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Replacement of high-lead bronzes with one 


containing 7-11°% Sn. Succesful use in tractor 
engines. 


6.3. Organic Materials 


How to Protect Metals With Elastomeric 
Linings. 

L. A. Woerner. Materials in Design Engineer- 
img, Vv. 46, Aug. 1957, p. 94-98. 

Linings of natural or synthetic rubber and 
some plastics withstand corrosive chemicals 
and have long life under abrasive conditions. 
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6.4. Inorganic Materials 


Investigating the Reaction Medium Which 
Predisposes the Chrome-Magnesite Lining of 
a Foundry Furnace to Wear. (in Russian) 
A. M. Davidson, P. A. Polkvoi, and G. A. 
Rashin. Ogneupory, v. 22, no. 7, 1957, p. 306- 
SU 

Crust found on furnace lining and its com- 
ponents are blamed for decreasing the heat- 
resisting quality of lining. Physicochemical 
analysis of crust is given. 


6.5. Abrasives (no abstracts) 


7. SURFACES AND SURFACE TREATMENT 


7.1. General (no abstracts) 
7.2. Steel (no abstracts) 


7.3. Grinding 

Relief of Residual Grinding Stresses by An- 
nealing. 

H. R. Letner and A. B. Sauvegeot. Metal 
Progress, Vv. 72, Sept. 1957, p. 79-82. 
Momentary heating of the surface (no more 
than 90 sec. ina salt bath) at 650°F will relieve 
80% of the internal stresses left by grinding. 
If softening of more than one point on the 
Rockwell scale is prohibited, go sec. at 500 to 
600°F will remove about half the surface 
stresses. 


Metallurgische Vorgange beim Schleifen von 
Stahl. 

Metallurgical Processes in Steel Grinding. 

H. Staudinger. Schweizer Archiv fiir Ange- 
wandte Wissenschaft und Technik, v. 23, July 
1957, P- 231-240. 

Effects of previous thermal treatment and of 
the grinding process itself. Changes in surface 
structure due to grinding. Decrease in fatigue 
strength from unfavorable grinding condi- 
tions. 


7.4. Finishing 

Precision Barrel Finishing. IV. 

William E. Brandt. Automatic Machining, v. 
18, Sept. 1957, p- 51-55- 

Tumbling procedures. Principal variables are 
volume of barrel compartment, r.p.m., per- 
centage of compartment volume occupied by 


load, tumbling time, chips or chip mixture, 
amount and type of compound, and water 
level. 


Barrel Finishing. 

Arthur S$. Kohler. Metal Finishing, v. 55, 
Aug. 1957, p. 58-64. 

Description of the elements of the operation 
and nomenclature. (To be continued.) 


Barrel Finishing. II. 

Arthur S. Kohler. Metal Finishing, v. 55, 
Sept. 1957, p. 59-63. 

Barrel construction and lining; auxiliary bar- 
rel equipment; tumbling media; composition 
of media; compounds used in barrel finishing. 
(To be concluded.) 


Spraywelding—A Hard Facing Preventive 
Maintenance Process. 

J. R. Smith. [von and Steel Engineer, v. 34, 
Sept. 1957, Pp. 90-95. 

The process; finishing the overlay; engineer- 
ing data; metals that can be spraywelded; 
applications. Advantages include savings in 
time and material. 


Cing ans d’observations sur la “‘sulfinuza- 
tion’’. 

Five-Year Review of Sulfurizing. 

Y. de Villemeur. Métaux, Corrosion-Indus- 
tries, V. 32, June 1957, Pp. 249-259. 

Friction properties were greatly improved by 
sulfurizing. Preliminary machining was un- 
necessary. Certain structures were observed 
explaining the improved qualities acquired by 
the metallic surfaces treated. 


8. MacHINING AND METAL WORKING 


8.1. Cutting Tools and Cutting 


Experimental Study of the Mechanism of 
Plastic Deformation in Metal Cutting Com- 
pared With the Methods of Classical Stress- 
ing. 

Paul Bastien and Michel Weisz. Microtecnic 
(English Ed.), v. 11, no. 3, 1957, Pp. 122-129. 
Equations are given and comparisons made 
by graphical representation. (To be continu- 
ed.) 


Temperature and Vibrations in Metal Ma- 
chining. (in Russian) 

B. Ia. Borisov. Vestnik Mashinostroentia, v. 
37, no. 9, Sept. 1957, p. 40-42. 

Describes a simple thermo-electric method for 
investigation of vibrations originating during 
metal machining, and derives a relation be- 
tween temperature of tool cutting edge and 
vibration. Using this formula, the vibration 
can be calculated on the basis of temperature 
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changes and vice versa. Changes of thermo- 
electric power at various conditions of vibra- 
tion are recorded by means of a magneto- 
electric oscillograph. 


An Appraisal of Ceramic Cutting Tools. 
R. C. Brewer. Engineers’ Digest, v. 18, no. 9, 
Sept. 1957, p. 381 + 6 pages. 

Porosity and grain size; use of alumina-based 
materials for practical tools; wear resistance ; 
tool life; power requirements; surface rough- 
ness. 


Study on Shave-Tuning. Cutting With In- 
clined Straight-Edged Tool. 

Masao Kubota, Tamehiro Kotoru, and Minori 
Kanai. Journal of Mechanical Laboratory 
(Japan), v. 3, NO. I, 1957, Pp. 24-32. 

New tool has a straight edge, tangential to the 
cylindrical surface to be finished and inclined 
to the direction of feed. 


Ceramics Cut HSS and Show Their Weak- 
nesses. 

John F. McAuliffe. American Machinist, v. 
ror, Sept. 9, 1957, Pp. 130-133. 

Use of ceramic cutting tools on high-speed 
steel, super-alloys, andTi.Negativerake angles 
and low feed rates are essential with present 
types available. 


On the Cutting Mechanism for Soft Metals. 
Keiji Okushima and Katsundo Hitomi. Kyoto 
University, Memoirs of the Faculty of Engi- 
neering, v. 19, Apr. 1957, Pp. 135-166. 

By orthogonal dry cutting of soft metals such 
as lead and Lipowitz alloy in low velocity with 
a specially designed cutting test equipment, 
the existence of the transitional region be- 
tween the rigid region of the workpiece and 
the plastic region of the steady chip was re- 
cognized. This should be taken into consider- 
ation in the theoretical analysis of cutting 
mechanism instead of the single shear plane. 


Chromizing of Wood-Cutting Tools. 

A. P. Polishchuk. Henry Brutcher Translation 
No. 3998, 6 pp. (From Stanki i Instryument, v. 
28, no. 4, 1957, p. 29-30.) Henry Brutcher, 
Altadena, Calif. 

Wear resistance of various Cr or V wood- 
cutting tools was trebled by chromizing. Chro- 
mizing practice. Effects of treating tempera- 
ture and time. 


Machining Titanium. II. 

M. C. Shaw, P. A. Smith, B. Colding, and 
N.H. Cook. 100 pp. 1957. Massachusetts Insti- 
tute of Technology, Cambridge, Mass. (TN- 
799.15 M38.5ma Over.) 

The machining characteristics of clamped car- 
bide tools when machining Ti alloys and AISI 
4340 steel are compared. A hard finishing 
grade cast iron type carbide was found to be 
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superior in machining Ti provided it did not 
chip. A nose radius of 1/32-in. gave best results. 


What Angles Are Best for Ceramic Tools? 
H. J. Siekmann and L. A. Sowinski. Metal- 
working Production, v. 101, Sept. 6, 1957, p- 
1573-1575: 

Detailed results of tests run to determine how 
important tool geometry is to ceramic cutting 
materials. 


8.2. Special Methods 


Electrical Discharge Cuts ‘“*Impossible’’ 
Slits. 

Edward J. Lach and Carl Munter. American 
Machinist, v. 101 Aug. 12,1957, p. 105-107. 
Seven slits, 2 in. high and as narrow as 0.015 
in. wide, were machined out of heavy U and 
monelrings.Only one slit was straight through, 
the other six were tapered wider inside the 
work. 


Advantages and Limitations of Ultrasonic 
Machining. 

E. A. Neppiras and R. D. Foskett. Machine 
Design, v. 29, Sept. 5, 1957, p. 121 + 2 pages. 
Factors include tool material, shape, area, 
depth of cut, physical properties of work ma- 
terial, and abrasive properties including hard- 
ness, grain dimensions, nature of the suspen- 
sion medium, and concentration of suspension. 


8.3 Processing 


The Cold Extrusion of Circular Rods Through 
Square Multiple Hole Dies. 

L. C. Dodeja and W. Johnson. Journal of the 
Mechanics and Physics of Solids, v. 5, no. 4, 
1957, p- 281-295 + 5 plates. 

Determination of pressure necessary to cold- 
extrude pure Pb, tellurium Pb, pure Sn, and 
super-pure Al through go° dies containing up 
to four holes arranged in different patterns. 


Extrusion of a Complex Shape Through a 
Round Die. 

William E. Ray. Metal Progress, v. 72, Sept. 
1957, P. 65-69. 

A long, straight control rod of Y-shaped cross 
section for a nuclear reactor is made by can- 
ning flat cermet compacts, assembling them 
with appropriate inserts of soft steel to fill a 
sealed sheath, hot-extruding the combination, 
and then dissolving the soft steel inserts in 
acid, leaving behind the required stainless- 
clad rod. 


Laws Governing the Drawing of Metals in the 
Presence of Lubricants. (in Russian) 

S. Ia. Veiler and V. I. Likhtman. Doklady 
Akademii Nauk SSSR, v. 114, no. 6, June 21, 
1957, Pp. 1224-1227. 

Friction and drawing of metals. Use of lubri- 
cants. Formulas and methods of calculation. 
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ADHESION 


Radiation Due to Adhesive Breaks between High Polymers and Glass 


R. C. Witriams (University of Manitoba, Winnipeg, Manitoba, Canada) — J. Appl. Phys., 
28 (1957) 1043-1048; (6 fig., 4 ref.). 

Adhesive breaks (separation at the interface) have been obtained between high polymers and 
glass that require no external mechanical equipment to induce break. Visible light is emitted during 
these breaks. The polymers are contained in Pyrex vials that are immersed in a 125°C oil bath. 
After a nominal polymerization period, the polymers are removed from the bath. The adhesive 
breaks occur while the polymer-glass system is cooling toward room temperature. The properties. 
of the light due to these breaks have been studied with a photomultiplier, pulse height discrimi- 
nator combination. The wavelength of the light was measured spectrographically and the internal 
temperature of the polymers was monitored during the cooling process. 


LUBRICANTS AND LUBRICATION 


Solid Film Lubricants at High Temperatures 


E. P. Krncssury (Massachusetts Institute of Technology, Cambridge, Massachusetts) — Pre- 
sented October 8th, 1957, at Toronto, Canada. Preprint No. 57LC-7, Am. Soc. Lubrication Engrs. 
(ASLE),. 

The behavior of several solid film lubricants has been experimentally established as a function 
of temperature. These films are formed of a suspension of lubricant particles (graphite, molyb- 
denum disulfide) in a thermosetting resin baked onto a hard surface. The test consists of heating 
such a layer and continually observing the friction coefficient until failure. Sliding conditions of 
high unit loading and low rubbing velocity were chosen to provide a comparison between the 
films. They were evaluated as to the highest temperature for which the friction coefficient remained 
low and subsequently as to the number of load cycles sustained at temperature before an abrupt 
increase in friction. Results for all films were similar in that failure was caused by a breakdown 
of the binder rather than of graphite or MoS, and that the minimum friction coefficient (~\ 0.03) 
was observed just before the film failure at temperatures as high as 1200°F. Good endurance 
characteristics were observed at these high temperatures. 


Boundary Lubrication, Wear-In, and Hydrodynamic Behaviour of Bearings for Liquid 
Metals and Other Fluids 


L. F. CoFrrin, Jr. (General Electric Research Laboratories, Schenectady, New York) — Presented 
October 7th, 1957, at Toronto, Canada. Preprint No. 57LC-6, Am. Soc. Lubrication Engrs. (ASLE). 

Various material combinations are investigated in the form of thrust bearings in such fluids 
as sodium-potassium eutectic, xylene, and spindle oil. It is found that with these fluids certain 
material combinations can be made to perform satisfactorily as hydrodynamic bearings by a 
process of wearing-in. With these unique combinations it is possible to obtain film thicknesses of 
the order of 10-t0o~® inches by extreme wear-in. The characteristics of bearings worn in to this. 
degree are reported and mechanisms for the observed effects discussed. 


BEARINGS 


The Effect of Aircraft Gas Turbine Oils on Roller-Bearing Fatigue Life 


M. E. OrreERBEIN (Hyatt Roller Bearing Division, General Motors Corporation, Harrison, New 
Jersey) — Presented October 8th, 1957, at Toronto, Canada. Preprint No. 57LC-9, Am. Soc. 
Lubrication Engrs. (ASLE). 

In general, low-viscosity lubricants have a detrimental effect on the life of roller bearings. 

Some low-viscosity lubricants tend to produce shallow surface pitting which would appear to 
be a type of corrosion fatigue. The cause has not been traced to any known chemical property of 
the oil as yet, but does not appear to be related to the SOD lead corrosion test. 

Additives in the way of viscosity improvers or thickeners do not seem to be effective in increasing 
the life with low-viscosity base oils. 

The Ryder Gear Rating for a given lubricant does not serve as a measure for predicting roller-- 
bearing fatigue performance. 
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Investigation of Factors Governing Fatigue Life With the Rolling-Contact Fatigue Spin Rig 


T. L. Carter, R. H. Butter, H. R. BEAR AND W. J. ANDERSON (NACA, Lewis Flight Labo- 
ratories, Cleveland, Ohio) — Presented October 8th, 1957, at Toronto, Canada. Preprint No. 
57LC-8, Am. Soc. Lubrication Engrs. (ASLE). 

A simple bench test for evaluating materials and lubricants under actual rolling-contact stresses 
is described. Stress-life relationships for mineral oil-lubricated SAE 52100 balls and AISI M-50 
(MV-1) tool-steel cylinders compared favorably with those obtained in full-scale bearings. Most 
failures originated in subsurface shear and closely resembled those obtained in bearings. 

A study of the effect of fiber orientation on fatigue strength revealed that the polar (or end-grain) 
area was weaker in fatigue than the non-polar area. 

Structure changes werefound in the highly stressed regions of both SAE 52100 and AISI M-1 
toolsteel. Inclusions, structure change, and directionalism are believed to affect fatigue life adversely. 


The Determination of Flow, Film Thickness, and Load-Carrying Capacity of Hydrostatic 
Bearings Through the Use of the Electric Analog Field Plotter 


A.M. Logs (Franklin Institute, Philadelphia, Pennsylvania) — Presented October 9th, 1957, 
at Toronto, Canada. Preprint No. 57LC-11, Am. Soc. Lubrication Engrs. (ASLE). 

In many applications of hydrostatic lubrication to journal and thrust bearings, determination 
of flow, load-carrying capacity, and film thickness is at best an approximation. Anything but the 
simplest shape is difficult to analyze. The simplified form of Reynold’s equation which applies 
to hydrostatically lubricated bearings of constant film thickness is analogous to the electric field 
equation which describes the voltage distribution in a conducting sheet of constant thickness. 
This analogy suggests the use of the ‘‘Teledeltos”’ electric analog field plotter to determine the 
characteristics of hydrostatic bearings. 

In this paper the theoretical basis for this method is discussed. In addition, the solution of a 
journal bearing is presented along with equations for several other useful shapes. Experimental 
verification of the journal bearing solution is presented, which indicates that this method may be 
employed with considerable accuracy. 


A Solution for the Finite Journal Bearing and Its Application to Analysis and Design. III 


A. A. Raimonpr AND J. Boyp (Westinghouse Research Laboratories, Pittsburgh, Pennsyl- 
vania) — Presented October gth, 1957, at Toronto, Canada. Preprint No. 57LC-12, Am. Soc. 
Lubrication Engrs. (ASLE). 

The present paper concludes this particular series on centrally loaded journal bearings by giving 
solutions which account for the effects of film rupture. The data presented encompass the bearing 
arcs and L/D values most widely used. 

Film rupture is discussed and it is shown that for partial bearings calculations based on film 


rupture yield larger film thicknesses and lower coefficients of friction than those calculated on 
the basis of no film rupture. 


GEARS 
The Effect of Lubricants on Gear-Tooth Fatigue 


T. F. Davipson (Wright Air Development Center, Wright Patterson Air Force Base, Ohio) 
and P. M. Ku, (Southwest Research Institute, San Antonio, Texas) — Presented October 8th, 
1957, at Toronto, Canada. Preprint No. 57LC-10, Am. Soc. Lubrication Engrs. (ASLE). 

This paper reports on the progress made at Southwest Research Institute on aninvestigation spon- 
sored by Wright Air Development Center, on the effect of lubricants on gear-tooth surface fatigue 
(pitting). An important aspect of this investigation was the development of a laboratory test 
method which would produce limiting pitting within a conveniently short time. Several criteria 
for defining limiting pitting were considered. The definition found most satisfactory was the 
incidence of pitting on three non-consecutive gear teeth of such severity as to be clearly discern- 
ible without magnification. Using this test method, a program was instituted in which the per- 
formance of 12 lubricants, covering a wide range of viscosity, Ryder gear rating (scuff-limited 
load) and corrosivity, was determined. It was found that lubricant viscosity, at least as measured 
by the conventional viscometric method, did not have as predominant an effect on gear-tooth 
surface fatigue as some other undetermined lubricant characteristics. Examination of the devel- 
opment of scuffing and pitting on the gear teeth indicates that the initial incidence of scuffing 
and the initial incidence of pitting were unrelated. However, as pitting became advanced, severe 
scuffing of the pitted teeth would almost invariably result. On the other hand, there was no evidence 
that severe scuffing would lead to gear-tooth pitting. 
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Simulated Gear-Tooth Contacts: Some Experiments upon their Lubrication and 
Subsurface Deformations 


: A.W. Crook (Research Laboratory, Associated Electrical Industries Ltd., Aldermaston, Berks. 
England) — Proc. Inst. Mech. Engrs. (London), 171 (1957) 187-214; p. 187-195 lecture, (14 fig.., 
12 ref) ; P. 196-204 discussion, 13 speakers, (11 fig.) ; p. 205-209 communications, 5 contributions, 
(3 fig.) ; p. 210-214 author’s reply. 

This paper describes some experiments with disk machines in which the electrical resistance 
between the disks was measured at various stages of running. It also describes some experiments 
with mild steel disks run at such loads that considerable plastic deformation occurred. 

The resistance measurements illustrate the process of “running-in’’ and show that a state of 
almost complete hydrodynamic lubrication is eventually reached. It has also been found that the 
surface temperatures of the disks have a very considerable influence upon the hydrodynamic film. 

The flow of material in the plastically deformed disks is described and its bearing upon the mutual 
accomodation of engaging tooth surfaces and their subsequent pitting is discussed. An explanation 
of the greater propensity to pit of surfaces with the lower peripheral speeds may be provided by 
one unexpected feature of the flow. It was also found that even at the high loads, which produce 
gross plastic distortion, the mild steel disks did not scuff, and this is attributed to the persistence 
of hydrodynamic lubrication even under such extreme conditions. 


WEAR OF METALS 
Metal Transfer in Sliding Contacts 


D.G. FLom (General Electric Research Laboratory, Schenectady, N. Y.)—J. Appl. Phys., 28 (1957) 
850-854; (9 fig., 8 ref.). 

Transfer of radioactive silver has been studied quantitatively in sliding contacts containing 
graphite and metal. The rate of transfer from silver-graphite riders to graphite cylinders is initially 
high but soon approaches a limiting equilibrium state. The amount of silver transfer increases 
markedly with surface roughness. Further, the transfer is enhanced by the addition of liquid water 
to the rider track. Back transfer to the rider has been found to consist mostly of loosely clinging 
dust in the rider face. 

Silver transfer to a copper cylinder is much greater than to a graphite cylinder, the difference 
being roughly twenty-fold. Within the experimental conditions, the transfer/unit time to both 
graphite and copper cylinders is greater at I cm/sec than at 390 cm/sec. 


Wear of Cobalt Base and Stainless Materials in High-Purity Water 


N.B. DEWEEs (Westinghouse Atomic Power Division, Pittsburgh 30, Pennsylvania) — Presented 
October 7th, 1957, at Toronto, Canada. Preprint No. 57LC-1, Am. Soc. Lubrication Engrs. (ASLE). 

Results of wear tests in clean water at room temperature and at 500°F are presented. The dif- 
ferences in result with 0.08 inch diameter and line-contact riders and with much larger riders are 
shown. The contact stress range is from 10 psi to gooo psi for large contact areas and from 3000 
psi to over 100,000 psi for small contact areas. Most of the testing was at a linear velocity of about 
2 in./sec. The concept of wear per unit load and per unit distance traveled for a unit wear area 
is used for converting sliding wear data from various test machines to a common basis for compari- 
son. The same concept can be used for calculating the expected wear in a new design from wear 
data. The range of friction values encountered in some of the tests is presented. 


A Study of the Effect of Wear Particles and Adhesive Wear at High Contact Pressure 


E. B. Scrutit AnD G. M. RoBrNnson (Franklin Institute, Philadelphia, Pennsylvania) — Presented 
October 7th, 1957, at Toronto, Canada. Preprint No. 57 LC-2, Am. Soc. Lubrication Engrs. (ASLE). 

A research program was conducted to determine the wear rate and friction characteristics of 
certain combinations of stellites and stainless steels when rubbed together at unit pressures up 
to 300,000 psi in an environment of demineralized water at room temperature. Wear rate and 
friction data were collected both in the presence and absence of wear particles. A study was also 
made on the effect of sliding-surface geometry in trapping wear particles. 

The results suggest that an exponential relationship exists between wear rate and stress for 
the materials of test. However, when these exponential curves are plotted on Cartesian coordinates 
they can usually be approximated by two straight lines (and a connecting knee). Since the slope 
of the line at the higher stresses is many times greater than the slope at the lower stresses, the wear 
rate appears to increase sharply at some nominal contact stress; this has led to the use of the 
term ‘‘Apparent Critical Stress’’, abbreviated ACS. In tests performed by the authors the value 
of the ACS was not a true constant, being influenced somewhat by sliding velocity and geometry 
of the test specimen. 

Six-hundred points of data collected in 80 tests show that the wear rate varies from 0.01 to 
over 50 micro-inches per inch of travel, depending on contact pressures, material combinations, 
and speed of sliding. Friction coefficients vary from 0.25 to 0.80, again depending on material 
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combinations, speed of sliding, and load. From a fimited number of tests where particles formed 
by rubbing were purposely trapped between the contact surfaces, it appears that the wear rate 
is definitely increased by accumulation of wear particles. a Rice 

This work was done under subcontract to Bettis Atomic Power Division, which is operated for 
the U.S. Atomic Energy Commission by Westinghouse Electric Corporation, Contract NObs 67500. 


Chrome Face Versus Iron Side Wear — An Analysis of Some Radioactive Piston-Ring 
Wear Studies 

R. G. Agowp, Jr. (Ethyl Corporation, Detroit, Michigan) — Presented October 7th, 1957, 
at Toronto, Canada. Preprint No. 57LC-3, Am. Soc. Lubrication Engrs. (ASLE). ‘va 

After outlining the effects a field problem may present in the near future, and describing some 
laboratory equipment selected and installed especially to study factors contributing to the problem 
of heavy duty scuffing of chromium-plated top compression rings, results of controlled tests have 
shown the misleading conclusion which was indicated when unplated cast-iron rings were used. 
The assumption that cast-iron wear and chromium plate wear are influenced in the same direction 
by given variables under operating conditions conducive to ring scuffing is not true so far as oil 
formulation is concerned. 


Frictional Heating and Its Influence on the Wear of Steel 


N. C. Wetsu (Associated Electrical Industries, Ltd., Aldermaston, Berks., England) — J. Appl. 
Phys., 28 (1957) 960-968; (16 fig., 24 ref.). 

High frictional temperatures during the dry or imperfectly lubricated rubbing of steel produce 
gross structural changes and intense hardening of the surface layers. In consequence of these 
changes the wear/time curve shows a marked inflexion, the wear rate of soft steel on soft steel dimin- 
ishing by more than an order of magnitude as the hardened skin develops. The protective layer 
establishes itself more readily as the carbon content of the steel increases, a feature explained by 
the ease with which eutectoid pearlite transforms to austenite, and thence to martensite, during 
the rapid temperature cycle. By stimulating the hot spots during wear by the thermal action of 
electric sparks, the hardness change is shown to be intensified by nitrogen or carbon absorbed from 
the atmosphere or lubricant. 


Role of Atmospheric Oxidation in High-Speed Sliding Phenomena. I 

M. Cocks (Scientific Laboratory, Ford Motor Company, Dearborn, Michigan) — J. Appl. Phys., 
28 (1957) 835-843; (13 fig., 29 ref.). 

An experimental study of the role of oxidation in inhibiting metallic interaction between metal 
surfaces sliding at high speeds (up to 66 m/sec) is described. Metallic interaction was detected by 
microscopic examination of the surface damage after sliding. By using hardened steel, information 
concerning surface temperatures was deduced from subsequent hardness measurements. At light 
loads the metal surfaces were severely torn, but at higher loads the tearing became less severe. 
Above a certain load, which depended on the speed, tearing was almost eliminated from at least 
one of the surfaces. Other experiments supported the conclusion that this was due to the increased 
oxidation associated with the greater frictional heating, and that severe wear at high loads was 
due to a process of oxide disintegration. Under these conditions the wear rate increased rapidly 
with increase in load or speed, whereas the wear associated with metallic tearing at light loads 
showed little increase with load, and decreased with increasing speed. The friction coefficient 
decreased with increasing load and with increasing speed. The shapes of the underlying bodies 
influenced the average surface temperatures and therefore the wear and surface damage and created 
differences even for a pair of mating surfaces. 


Role of Atmospheric Oxidation in High-Speed Sliding Phenomena. II 

M. Cocks (Ford Motor Company, Dearborn, Michigan) — Presented October qth, 1957, at 
Toronto, Canada. Preprint No. 57LC-4, Am. Soc. Lubrication Engrs. (ASLE). 

An experimental study of the role of oxidation due to frictional heating in unlubricated high- 
speed (13000 ft./min) sliding of metals is discussed. Detailed results for steel on steel have been 
described in another paper. This paper discusses a general picture correlating the results for several 
metal combinations and also a bonded metal carbide. The results indicate that the oxidation 
gives considerable protection against surface damage. With copper on copper (previously run-in), 
copper on steel, and bonded tungsten carbide on bonded carbide relatively little tearing of the 
metal (or carbide) is observed at light loads. The oxidation should increase with increasing load, 
and these combinations behave like steel in that on at least one of the surfaces there is, if anything, 
even less metallic tearing at high load. At low loads wear is mild, in harmony with the oxide pro- 
tection, but at higher loads severe wear is attributed to disintegration within the oxide itself. 
With nickel on nickel the oxidation fails to prevent fairly severe metallic tearing even at high 
loads. Some consequences of these phenomena in the variation of friction, wear, and surface damage 
with load, speed, and sample geometry are described. ’ 
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I. C. ENGINES 


A Study of Engine Friction by Retardation Tests 

K. AcHUTHAN Nair (Government College of Technology, Coimbatore, India) — Tech. Mag., 
India, 8 (No. 1) (1957). 

The method of retardation tests for finding the friction losses in a machine is explained. Results 
of tests on two small engines, one a four-stroke Diesel and another a two-stroke Diesel are given 
and discussed. In these tests the variation in engine friction at different jacket water temperatures 


was studied and typical curves plotted. It is concluded that the retardation test offers a convenient 
method of finding the friction losses in engines. 


Testing Multi-Cylinder I.C. Engines for Indicated Horse Power and Mechanical Efficiency 

K. AcHUTHAN Nair (Government College of Technology, Coimbatore, India) — J. Council Sci. 
Ind. Research, India, 13 B (No. 1) (1954). 

Methods for measuring the indicated horse power and mechanical efficiency of multi-cylinder 
engines are discussed. A new procedure is described for carrying out tests on constant-speed 
governor-controlled engines. The main feature of the test procedure is the use of a flowmeter 
to maintain a constant flow rate, while the reduction in power is measured as each cylinder is 
cut out. The results of tests on a twin-cylinder engine and a four-cylinder engine by different 
methods are presented and discussed. 


MACHINING 


Spark Machining in the Die-making Industry 


A.D. P.TaLLtents (Impregnated Diamond Products Ltd.) — Tvans. Plastics Inst., 25 (1957) 
217-230; (5 fig., no ref.). 

“Spark machining”’ is a term used by the author to describe the process of controlled removal 
of metal from its parent body by a technique of bombarding the surface with electric sparks. 

Contents: Metal-working by electricity; Arc discharges and spark discharges; Spark-machining 
technique; Spark-machining equipment; A British equipment; Application of spark machining to 
die-making; Conclusion. 


A Theory of Cutting-Tool Wear and Cutting-Oil Action 


A. Dorinson (Sinclair Research Laboratories, Harvey, Illinois) — Presented October 7th, 
1957, at Toronto, Canada. Preprint No. 57LC-5, Am. Soc. Lubrication Engrs. (ASLE). 

The initiating step in cutting-tool wear is postulated as a temperature-dependent migration 
of chip metal into the tool. The migrated metal softens the tool, which allows wear particles to 
adhere to the moving chip and be carried away. The kinetics of these processes are developed 
quantitatively to yield an expression which explains the Taylor equation in terms of the funda- 
mental parameters of cutting. The action of cutting oils is regarded as a competition between 
the rate of alloying and softening of the tool by migrated chip metal and the rate of reaction of 
the migrated chip metal with the cutting oil additive. The kinetics of these competing processes 
are then developed quantitatively to explain the behavior of the Taylor equation when metal 
is cut in the presence of cutting oil. 
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Bibliographies 
nO 


Development of the Theory on Friction and Wear (in Russian) 


Lectures given at the Congress on Problems in the Field of Theories on Friction and Wear, 15-17th 
Nov. 1954, 231 pp. Published by the Academy of Science, U.S.S.R., Moscow; Roubles 12.80. 


A. A. BLAGONRAWOF < Introductory remarks. 


I. Lectures, p. 7-135. 


I. W. KRAGELSKY Dry friction 

B. V. DERYAGUIN Theory of boundary friction 

M. M. KHRUSCHOV Principle questions on developing a theory of wear 

G. M. ZAMORUJEF Some general principles in the theory of the wear of metals 

A. S. PRONIKOF On the development of methods of calculation of machine 
parts with reference to wear 

P. A. REBINDER AND G. I. Epi1rFanor The influence of a surface-active medium on boundary 
lubrication and wear 

A. S. ACHMATOF The problem of boundary lubrication 

I. E. WINOGRADOWA The significance of scuffing in friction 

W. D. KuzNETZOF The role of grown surface layers in friction 

B. D. GRozIN The study of reactive metal layers in rubbing machine parts 

M. M. KHRuScHOV The development of a theory of abrasive wear 

J. W. KRAGELSKY Fundamental principles of a molecular-mechanical theory 
of friction and wear 

B. I. KosteEtzKy Some principle questions on the wear resistance of machine 
parts 


II. Short Communications, p. 136-228. 


About 25 contributions. 


Wear Resistance of Havd-chromed Drop Forges 


Verschleissverhalten hartverchromter Schmiedegesenke 


Forschungsbericht des Wirtschafts- und Verkehrsministeriums Nordrhein-Westfalen, Nr. 286. 
Von Dr.-Ing.habil. HErnz AREND, dipl. Ing. Kurt LANGE und dipl. Ing. HELMuT MEINERT. 
62 Seiten und 53 Abb. 21 x 29.7 cm. Westdeutscher Verlag K6In und Opladen, 1956. D.M. 17.65. 


Platinum Metals Review 


A quarterly survey of research on the platinum metals and of developments in their applications 

in industry. Johnson, Matthey & Co., Ltd., Hatton Garden, London; free of charge. 

I (1) (Jan. 1957). Articles, abstracts, new patents. 

I (2) (1957) 57. Arc erosion of electrical contacts; ref. to an article by IrrNER AND ULsk in Proc. 
Inst. Elec. Engrs., (London), 104, B, (1957) 63-68. 

TI (3) (19 nu 74. L. B. Hunt, Electrical contact materials for light duty applications (7 fig.; 1 table; 
y ret.) 


Materials of Construction Review 


Ind. Eng. Chem., 49 (9) part II (1957), 1578-1662, 11th annual review. 


Surveys with numerous references to mechanical, corrosion, and wear properties on the following 
groups of materials: 

Metals and alloys: Aluminium, lead, nickel, steel, tin, titanium and less common metals. 
Ceramics, carbon and graphite. 

Organic materials: Elastomers, hard rubber, plastics, protective coatings and fibers, 


~~ 
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Forthcoming Events 


reer 


7th International Mechanical Engineering Congress 


_This Congress is being organized by the metal-processing industries of Western Europe. Pre- 
vious meetings were held in Paris, Brussels, Stockholm, and Turin. The 7th Congress will take 
place at The Hague (Scheveningen), 2nd-6th June, 1958. 


Lecture programme 


1. L’industriel devant le choix de ses matiéres premiéres 

Marcer A. Corpovi, Manager Materials & Testing Department, The Babcock & Wilcox 
Company, Atomic Energy Division, New York: 

Basic consideration in selecting materials for nuclear veactor components. 


HEINZ SCHLEGEL, ing. chemiste, Chef du Département Matiéres Plastiques de la maison Bubeck 
& Dolde, Bale: 


Matiéves plastiques et leurs possibilités d'emploi dans les industries métalliques et électriques. 

P. E. LacasseE, Directeur du Centre national de Recherches métallurgiques (Section Liége), 
Abbaye du Val — Benoit, Liége: 

La qualité des aciervs Thomas pour le formage et la soudure en fabrications et constructions métal- 
lurgiques. 

Dr. S. WERNICK, Ph.D., M.Sc. F.R.1.C., F.I.M., Consulting Chemical Engineer and Honorary 
Secretary of the Institute of Metal Finishing: 

The use of surface treatment to eliminate the need for costly and high quality raw materials. 


2. Les industries mécaniques et leurs fournisseurs de piéces brutes 


Prof. dr. OrtTo KIENZLE, Hannover: 

Die Anpassung der Gesenkgeschmiedestiicke an die Fertigbearbeitung. 

AuGustTE PommteErR, Président de la Commission ,,Qualité des Piéces Moulées”’ a la Fédération 
des Industries Méchaniques et Transformatrices des Métaux, Paris: 

Relations entre les mécaniciens et les fondeurs. 

Harvarp LIANDER, Vice/Managing Director ASEA, Vasteras, and Ivar WEIBULL, Head of the 
Laboratory of Svenska Aeroplan AB, Linképing: 

Engineering difficulties resulting from different national specifications of raw materials. 


3. Prix de revient 

N. J. Kooper, directeur du Bureau de la Groupe de Travail sur la Réduction des Variétés, La 
Haye: 

L’assortiment vationnel et information du client. 

J. Deripper, Directeur technique de la S.A. Travail Mécanique de la Téle, Bruxelles: 


Détermination des sérvies économiques de fabrication de pieces galvanisées en fonction du prix de 
vevient et de l’écoulement. 


There will be numerous excursions to centres of production in The Netherlands. 
Organisers: Vereniging van Metaal-Industrieén, Nassaulaan 13, The Hague. 
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Notes on Contributors 


a 


F. T. BarwELt, B.Sc. (Eng.), Ph.D.: commenced his training as a Premium Apprentice in the 
Locomotive Works of the Great Western Railway at Swindon; studied at the City and Guilds 
College, South Kensington, and at the Technische Hochschule, Berlin-Charlottenburg. Was award- 
ed a Whitworth Scholarship in 1933 and a Robert Blair Fellowship in 1936, during the tenure of 
which he studied mechanical engineering with particular reference to railway motive power practice 
in Europe and North America; in 1939 joined the staff of the National Physical Laboratory, where 
he was engaged on research on bomb disposal, aircraft structures, plastics, and finally lubrication. 
In 1948 was appointed senior principal scientific officer in the Mechanical Engineering Research 
Laboratory of the Department of Scientific and Industrial Research, where he is head of the division 
concerned with lubrication, wear, and the mechanical engineering aspects of corrosion. Author of 
book, Lubrication of Bearings. [See p. 317] 


F. P. Bowpen, C.B.E., F.R.S.; D.Sc. (Tasmania), Ph.D. Sc.D. (Cantab): born in Hobart, 
Tasmania. Reader in the Physics and Chemistry of Solids, Cambridge University; Fellow, 1931, 
Director of Studies, 1935, Professorial Fellow, 1957, Gonville and Caius College, Cambridge; Educ: 
Hutchins School; University of Tasmania; Gonville and Caius College, Cambridge. Demonstrator 
in Physics, Univ. of Tasmania, 1926; Overseas Exhibition of 1851 to Cambridge, 1927; Rockefeller 
Internat. Research Fellow and Senior 1851 Exhibition, 1930; Director of Studies and College 
Lecturer in Chemistry, Gonville and Caius College, 1935; Humphrey Owen Jones Lecturer in Physical 
Chemistry, Cambridge, 1937; Beilby Memorial Award, 1938; Head of Tribophysics Lab. of Council 
of Scientific and Industrial Research, Australia, 1939-45. Vice-President Faraday Society, 1953-54. 

Publications: various papers in scientific periodicals on electrochemistry, surface physics and 
chemistry and explosive reactions; books: (with D. TaBor) The Friction and Lubrication of Solids, 
1950; (with A. YorFeE) The Initiation and Growth of Explosion in Liquids and Solids, 1952. 

[See p. 333] 

Marc Bruma, Ing.Dr.: born in Bucharest (Rumania) ; obtained his degree of Ingénieur Docteur 
de l Université de Paris; as ‘“‘ingénieur contractuel au Centre National de la Recherche Scientifique, 
Paris’’ is engaged in research in the field of electronic physics (electric discharges, hyperfrequencies) 
at the Laboratory of Physical Chemistry, Faculty of Science, Paris. [See p. 305] 


W. Davey, B.Sc., Ph.D.: born at Chesterfield (Derbyshire) ; graduated from University College, 
Nottingham, with 2nd Hons. in B.Sc. Special Chemistry Degree of the University of London 
(External) ; carried out research on naphthalene chemistry at the Technical College, Huddersfield, 
and was awarded his Ph.D. degree in 1940. After industrial experience with I.C.I. Dyestuffs Group, 
Boots Pure Drug Co., Ltd., and Shell, appointed senior lecturer in organic chemistry at Acton 
Technical College in 1944, having passed F.R.I.C. exam. in organic chemistry in 1943; appointed 
in 1953 head of the Department of Chemistry and Biology at the Polytechnic, Regent St., London. 
Has published some 30 papers on extreme-pressure lubrication and synthetic organic chemistry; 
consultant on lubrication to the Wakefield Group. [See p. 291] 


B. V. DERyAGUIN, professor, Dr. h.c.: born in Moscow; brought up in the family of his step- 
father, the well-known physicist P. N. Lebedev. Graduated from Moscow University (Department 
of Physics) in 1922; became a pupil of Academician P. P. Lazarev, biophysicist and geophysicist, 
who stimulated him to study the special properties of thin films. Confirmed, jointly with I. I. 
Abrikossova, Lebedev’s views on the nature of molecular forces by measuring directly the 
molecular forces acting between solids. Worked out a molecular theory of friction, boundary 
lubrication, an electrical theory of adhesion and a general theory of intermittent sliding; has also 
evolved methods for the evaluation of lubrication and wear, and studied the interconnection 
between friction and adhesion. In 1925 set up a laboratory for the study of thin layers (now the 
Laboratory of Surface Phenomena) ; in 1935 appointed professor of physics; in 1936 awarded honoris 
causa the degree of Doctor of Chemistry by the Academy of Sciences of the U.S.S.R., and in 1946 
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